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INTRODUCTION 
Sulfur has been recognized as an essential element for plant growth 
and development since the time of Liebig, but compared with other major 
nutrients, such as N, P, and K, it has recently received attention. In 
many areas, S fertilization is now required to ensure satisfactory crop 
production. 
In soils of the temperate, humid, and semihumid regions, S occurs in 
organic forms, with organic S accounting for >95% of the total S; how­
ever, much of the organic S in soil remains uncharacterized. Organic S 
generally become available to plants through mineralization to sulfate. 
The inorganic S fraction in soils may occur as SO^-S and compounds 
of lower oxidation states, but in well-drained agricultural soils most of 
the inorganic S normally occurs as SO^-S, and the amounts of reduced S 
compounds are generally very low. 
To assess the plant needs for S and to evaluate the S-supplying power 
of soils, it is necessary to consider the fractions mentioned above, 
including the nature, amounts, and distribution of the different S com­
pounds or forms in soils. Much progress has been made in recent years in 
the analytical techniques used in the determination of inorganic S and 
in dividing organic S into broad fractions, which can serve in further 
identification and determination; however, much work still needs to be 
done in this area. 
The S mineralization in soils is mainly biological in nature, and 
the soil chemical and physical properties have a marked influence on the 
release of inorganic S from the soil organic matter. Gains of S by the 
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soil system are always occurring through atmosphere deposition and fer­
tilizer additions. Simultaneous losses of SO^ by leaching and by crop 
removal may also take place. Therefore, the behavior of inorganic S in 
the soil-plant system is dynamic and Involves many complex interactions. 
This fact results in an uncertain estimation of the net S supply avail­
able to crops. 
Appropriate estimation of the net S supply to plants by soils should 
have important impacts on the economics of crop production. Although 
numerous methods for assessing soil S availability have been reported, 
the information is still incomplete and needs to be evaluated using 
plant uptake as a major biological criterion. Thus, a general integrated 
knowledge of the adequacy of the different chemical and biological indexes 
and chemical characterization of S fractions in soils to predict the soils 
supply still is needed. 
Therefore, the main objectives of this study were: (1) to develop 
a rapid and precise method for determining SO^-S in soils; (2) to extend 
the use of this,method in the evaluation of organic S in soils; (3) to 
assess the potentially mineralizable S and S mineralization rates in 
selected Iowa and Chilean soils; and (4) to study the relationships be­
tween the available S as determined by chemical and biological methods 
and plant uptake of organic S in soils. 
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LITERATURE REVIEW 
Sulfur is an essential nutrient for both plant and animal life and 
the biological transformations of S resemble those of N. Plants require 
S for the synthesis of some essential amino acids and proteins, certain 
vitamins and coenzymes, glucocide oils, structurally and physiologically 
important disulfide linkages and sulfhydryl groups, and activation of 
certain enzymes (Coleman, 1966). Generally, the requirement for S and 
P is the same in agronomic crops. 
Recently, interest in chemistry-fertility related aspects of the S 
cycle is increasing, as widespread crop deficiencies are reported with 
increasing frequency. The reasons for this trend are (a) increased use of 
high-analysis S-free fertilizers, (b) decreased release of SO^ by in­
dustrial and domestic fuel burning, (c) decreased use of S-containing 
pesticides, and (d) increased crop yields. 
Total S content of soils varies over a wide range, from as little as 
20 mg kg ^ in highly weathered soils in humid regions to well over 50,000 
mg kg ^ in calcareous and saline soils of arid and semiarid regions 
(Stevenson, 1986). The organic S fraction accounts for more than 95% of 
the total S in most soils from temperate, humid, and semihumid regions. 
The amounts of organic and inorganic S in a soil sample, however, vary 
widely according to the nature of the soil and depth in the profile. 
While much of the organic S in soils remains unidentified, three groups 
of S compounds have been identified. The analytical approach currently 
in use differentiates between three broad fractions of soil organic S: 
Hl-reducible S (organic S not bonded directly to C), C-bonded (organic 
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S bound directly to C), and unidentified or inert S (Freney, 1961, 1967; 
DeLong and Lowe, 1961; Lowe and DeLong, 1963; Freney et al., 1970; 
Tabatabai, 1982). 
In contrast to organic S, the inorganic S fraction in soils may 
occur as SO^ and compounds of lower oxidation state such as S^", poly-
sulfide (Sg to ), SO^ t SgO^ , and S°. Oxidation-reduction reactions 
involving inorganic S are important in soil systems. Under aerobic condi­
tions, most of the inorganic S normally occurs as SO^-S, and the amounts 
of reduced S compounds are generally <1% (Freney, 1961). Under anaerobic 
conditions, the main form of inorganic S is and often S° (Harmsen, 
1954; Hart, 1959; Brummer et al., 1971). Determination of reduced forms 
of inorganic S in soils, with a high degree of accuracy, is difficult, 
partly because of the limitations of current analytical methods. No 
method has been entirely satisfactory for determination of in soils 
(Tabatabai, 1982). 
Although it has been possible to characterize, with some degree of 
certainty, the chemical nature of inorganic forms of S occurring in soils, 
the present analytical methods are not suitable for the characterization of 
the chemical nature of the organic S fraction in soils with the same 
certainty as those of the inorganic S fraction. The present analytical 
reagents used for the determination of organic S are not specific; they 
attack a broad group of organic S compounds (Freney, 1958; Freney et al., 
1970; Melville et al., 1971). 
Plants play a major role in the conversion of inorganic S0^~ to or­
ganic S compounds in soils. Sulfate ions are taken up by plants, which 
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on reduction is converted into a number of organic compounds. Of these, 
the amino acids, methionine and cysteine, the primary products of S 
metabolism in plants, comprise about 70% of the total S (Freney, 1967). 
When plant residues are returned to the soil, they are attacked by micro­
organisms, thus releasing some of the S as SO^ , but much of it remains 
in organic form and eventually becomes part of soil humus. This frac­
tion is slowly remineralized and again recycled through microorganisms to 
plants. The S balance in soils between various biosynthetic, catabolic, 
oxidation, and reduction processes, depends primarily on climate, aera­
tion status, soil nature, and farming practices (Bi.ederbeck, 1978). 
The fact that S availability is affected by dynamic changes in its 
different pools, and the environmental factors affecting those changes, 
and the different nutrient requirements by crops led many researchers in 
developing and evaluating biological and chemical methods as indexes for 
predicting soil S availability. Such methods are desired for better 
prediction of the amount of S fertilizer needed to supplement the other 
sources of S in meeting crop needs. Numerous articles have been pub­
lished reporting the results of research efforts to find an accurate bio­
logical or chemical index of soil availability. Reviews dealing with 
available S in soils (Jordon and Ensminger, 1958; Freney et al., 1962; 
Whitehead, 1964; Reisenauer, 1967; Reisenauer et al., 1973) indicate 
an increased awareness of the practical significance of S availability 
to crops. 
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Forms of Sulfur in Soils 
The major part of the total S of surface soils in humid and semi-
humid regions occurs in organic combination, whereas in lower horizons, 
inorganic S appears to predominate (Evans and Rost, 1945; Bardsley and 
Lancaster, 1960; Tabatabai and Bremner, 1972a). The information available 
indicates that organic S constitutes more than 95% of the total S and, 
while total organic S in soils is frequently measured, much of it remains 
unidentified. The only S compounds which have been isolated from soils 
are trithiobenzaldehyde (Shorey, 1913) and free cysteine (Putnam and 
Schmidt, 1959). Other reports (Stevenson, 1956; Bremner, 1967) show that 
cysteine and methionine are present in small amounts in soil hydrolysates 
and the reports indicate that they occur as constituents of polypeptides 
in soils. 
Although the chemical nature of organic S in soils cannot be defined 
as well as that of inorganic S, three broad fractions have been identi­
fied: (1) Hl-reducible S, (2) C-bonded S, and (3) unidentified S. The 
Hl-reducible S fraction of soils is determined by the reduction of 
organic S to H^S with a mixture of HI, HCOOH, and H^POg as proposed by 
Johnson and Nishita (1952). This fraction contains S compounds that are not 
directly bonded to C and it is thought to consist primarily of sulfate 
esters and esters in the form of phenolic sulfates, sulfated polysac­
charides, choline sulfate and sulfate lipids (Freney, 1961; Tabatabai 
and Bremner, 1972b; Chae and Tabatabai, 1981). Because the S in this frac­
tion can be readily hydrolyzed to inorganic S0^~ by acid or alkali, .Hl-
reducible S is considered to be the most labile fraction of soil organic 
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S (Spencer and Freney, 1960; Lowe, 1965; Freney et al., 1971; Cooper, 
1972). 
Analyses of a wide range of soils using this reducing mixture have 
shown that, on the average, about 50% of the total organic S in soils of 
humid and temperate regions is present in the Hl-reducible form, al­
though the percentage may range from 25 to 78% (Lowe, 1964, 1965, 1966; 
Bettany et al., 1973; Freney et al., 1970; Tabatabai and Bremner, 1972a; 
Neptune et al., 1975). This fraction is thought to be largely associated 
with active side chain components of fulvic and humic materials (Bettany 
et al., 1973). Because the S fraction reduced by HI includes some in­
organic S compounds (mainly SO^ ), it is essential to correct the HI-
reducible fraction for inorganic S when estimation of the ester sulfate 
fraction is desired. This can be accomplished by subtracting the value of 
inorganic S obtained by a separate analysis from the Hl-reducible S 
value (Tabatabai, 1982). 
The S directly bonded to C (C-bonded S) is determined by the reduc­
tion of organic S to H^S with Raney Ni (Lowe and DeLong, 1963). This 
fraction probably includes all forms of organic S other than covalent 
sulfate (e.g., SgO^ , , S^Og , and SO^ ) and most alkyl sulfones 
(Beaton et al., 1968). In mineral soils, C-bonded S accounts for between 
5 and 35% of the total organic S (Lowe, 1964, 1965; Tabatabai and 
Bremner, 1972a; Neptune et al., 1975) and 45-58% in organic soils (Lowe 
and DeLong, 1963). Based on its resistance to several extractants and 
its correlation with certain humic characteristics, Bettany et al. 
(1973) suggested that the C-bonded S fraction of soils is primarily 
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associated with strongly aromatic core of humic acids incorporated by 
mechanisms such as quinone-thiol reactions. Although the reduction of 
C-bonded S with Raney Ni has been criticized for failing to reduce all C-
bonded S compounds and for the possibility of producing artifacts 
(Freney et al., 1970), it still is the best method available for assess­
ing this fraction in soils. Results reported by Freney et al. (1970), 
however, showed that Pe and Mn can interfere with the determination of 
C-bonded S and that a substantial fraction of the organic S in 15 
Australian soils could not be accounted for. 
It has been suggested by Freney et al. (1970) that the C-bonded S 
should be estimated as being the difference between total and HI-
reducible S, and some researchers have adopted this simple procedure. 
The assumption that all of the organic S not reduced by HI is C-bonded 
S, however, is probably an oversimplification and is not justified in view 
of the existence in soils of sizeable amounts unidentified (inert) S with 
characteristics differing from those of Hl-reducible S and C-bonded s 
fractions (Lowe, 1965; Freney et al., 1975). 
Based on analyses of soil hydrolyzates, it has been suggested that 
somewhat more than half of the C-bonded S in soil occurs in compounds 
other than cysteine, cystine or methionine (Freney et al., 1970). The 
nature of this unidentified fraction remains unknown. The presence of 
this unidentified (inert) or residual fraction of soil organic S Was first 
suggested by Lowe (1964) and later by the results of many workers in­
dicating that this fraction varies from 3 and 59% of the total organic S 
in mineral soils (Lowe, 1964, 1965; Freney et al., 1970; Tabatabai and 
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Bremner, 1972a; Neptune et al., 1975; Tabatabai, 1982). Lowe and 
DeLong (1963) showed that only 57% of the total S in five Quebec soils 
could be accounted for as Hl-reducible S and C-bonded S, even though 
organic S accounted for greater than 95% of the total S. This residual 
fraction resists degradation by chemical treatments (Lowe, 1964, 1965) 
and, therefore, is probably of little significance as a potential source 
of S for plants (Biederbeck, 1978). 
In noncalcareous well-drained, arable soils, almost all the inorganic 
S occurs as the SO?" and may occur in combination with cations such as 
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Ca, Mg, K, and NH^ or may be adsorbed by soil colloids. The fractions 
of inorganic So|~ present in each of these states are dependent on sev­
eral soil characteristics (e.g., pH, clay mineral, etc.). Surface hori­
zons of most well-drained temperate soils contain very little inorganic S, 
usually <5%*of the total S (Freney et al., 1962; Bettany et al., 1973; 
Tabatabai, 1982). Larger quantities of water-soluble SO^ , however, ac­
cumulate in soils of arid regions. Reduced forms of S in soils, such as 
S^~ and polysulfides (S^~ to sf~) ,  normally are not found in well-drained Ù o 
soils, but occur mainly under strongly reducing conditions and in poorly 
drained subsoils; therefore, it will not be discussed further in this 
review. 
Because of the effect of seasonal conditions on mineralization of 
organic S, leaching of soluble SO^ and uptake by plants, it is common 
to observe seasonal fluctuation in the amounts of water-soluble SO^ in 
surface soils (Tabatabai, 1982). 
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The ability of soils to adsorb SO^ has much significance in the 
S nutrition of plants; it is an important source of available S for plants 
(Sanford and Lancaster, 1962; Barrow, 1967), and it retards the rate of 
S0^~ movement in the soil, thereby reducing leaching losses. Among the 
factors that affect inorganic SO^ adsorption in soils, clay content, 
nature of the clay mineral, pH, and exchangeable cations are the most 
important. Most soils have the capacity to adsorb some SO^ , although 
the amount retained by soils above pH 6.5 is negligible and increases 
with decreasing pH (Kamprath et al., 1956; Williams and Steinbergs, 1962; 
Reisenauer, 1967). Normally, appreciable levels are associated with such 
soil characteristics as strong weathering and in soils containing large 
amounts of A1 and Fe hydrous oxides (Berg and Thomas, 1959; Chao et al., 
1962a,b, 1964; Ensminger, 1954; Reisenauer, 1967). Adsorption of SO^ by 
soil constituents occurs at a number of energetically different reaction 
sites and cannot be adequately described by a single adsorption-desorption 
equation (Alymore et al., 1967). 
The SO^ fraction in soils has been divided into two components, a 
soluble fraction extractable with water and neutral salt solutions such 
as 0.15% CaClg (Williams and Steinbergs, 1959) or 0.1 M LiCl (Roberts 
and Koehler, 1968), and an adsorbed fraction extractable by Ca(H2P0^)2 • 
(Fox et al., 1964), KH^PO^ (Ensminger, 1954), or Ca(0H)2 (Williams and 
Steinbergs, 1962). A salt solution, however, is frequently used in the 
extraction of the soluble fraction because of dispersion difficulties 
associated with aqueous extractions. 
A wide variety of extractants has been used for estimating the amount 
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of adsorbed SO^ in soils, and generally, two methods are used. The 
first method involves the use of isotope exchange techniques where ad­
sorbed SO^ is in kinetic equilibrium with SO^ in the solution. This 
approach has been used by Hasan et al. (1970) and Chao et al. (1962a) to 
study SO^ desorption from soils; however, more recently, Freney et al. 
(1971) showed that it overestimates the amount of adsorbed SO^ because 
the isotopically labeled SO^ may also exchange with S in soil organic 
matter. The second approach involves displacement of adsorbed SO^ with 
an appropriate extractant solution. 
Several extractants have been proposed for the extraction of soluble 
SO^ plus a fraction of adsorbed SO^". These include Ca(H2P0^)2 (Fox 
et al., 1964), KH^PO^ (Ensminger, 1954), Ca(0H)2 and CaCO^ suspensions 
(Williams and Steinbergs, 1962), NaHCO^ (Kilmer and Nearpass, 1960), 
neutral 1 N NH^OAc (McClung et al., 1959), acid NH^OAc (Bardsley and 
Lancaster, 1960; Sanford and Lancaster, 1962), and Morgan's solution 
(Chesnin and Yien, 1950). Fox et al. (1964) found Ca(H2PO^)2 prefer­
able to KHgPO^ because, while it gave values similar to KH^PO^, it also 
produced extracts essentially free of colloidal material, which is 
often a problem with KH^PO^. The use of phosphate solutions may give 
low values on soils containing gypsum, because the gypsum particles 
apparently become coated with [^(HgPO^),^ , thus inhibiting their dissolu­
tion (Spencer and Freney, 1960). The amounts of adsorbed S0^~ extracted 
by this reagent can vary from <1 to several thousand mg kg~^. Other 
anions of greater coordinating ability, according to the series: 
hydroxyl < phosphate < sulfate = acetate < nitrate = chloride, can be 
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used to replace adsorbed SO^ ions in soils (Bingham et al., 1965; 
Chang and Thomas, 1963; Chao et al., 1964). 
Alkaline extractants such as NaHCO and CaCO suspensions are ef-
.3 3 
fective in extracting soluble and adsorbed SO^ in soils; however, the S 
obtained using these extractants has been found to range from two to four 
times that extracted by using phosphate solutions (Fox et al., 1964). The 
NaHCOg extractant produces extracts that are highly colored by solvated 
organic matter and, therefore, results are difficult to interpret. 
In addition to the water-soluble and adsorbed SO^ fractions, sev­
eral forms of insoluble SO^ such as barium and strontium sulfates, 
sulfate coprecipitate with CaCO^ are likely to occur in soils (Tabatabai, 
1982), while basic iron sulfate, jarosite, and conguinbite have been 
identified in separate tests taken from tidal marsh soils (Clark et al., 
1961; Fleming and Alexander, 1961). These Insoluble SO^-S, however, are 
considered to be of very low availability to plants. 
Chemical and Biological Indexes of Available Sulfur 
Inorganic SO^^ in soils is known to be readily available to plants 
(Barrow, 1967), but in many soils, only a few mg kg ^ can be extracted 
at any given time. Information available Indicates that organic S com­
pounds may be utilized by plants (Miller, 1947; Bardsley, 1960); however, 
availability of soil organic S depends primarily on its mineralization, 
which in turn depends on climatic factors such as temperature and mois­
ture (Williams, 1967). 
Assessment of plant-available S in soils is complicated due to the 
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fact that several sources besides soil itself contribute to plant needs. 
These sources Include S in precipitation and irrigation water, atmos­
pheric S, and S in fertilizers and pesticides. Of these sources of S, 
atmospheric SOg, S in rainfall, and absorption by plants are perhaps the 
most difficult, and in some cases, impractical to evaluate. 
Numerous procedures have been proposed for evaluating indexes of 
plant-available S in soils. The procedures used include extraction with 
water, extraction with various salts and acids, plant growth and decom­
position, including "A" and "a" determinations, microbial growth, and S 
release upon incubation. 
Many chemical indexes have been proposed in the past for extraction 
of a fraction of the total soil S that can be released to the soil solution 
and be taken up by plants. Several empirical indexes have been proposed, 
and the degree of utility has been evaluated through correlation with 
biological measurements of soil S availability such as S uptake, crop 
yields, or mineralizable S. Although some progress has been made, none 
of the proposed chemical indexes have been accepted as a universal pro­
cedure. A reliable method to assess S availability is still needed. 
Sulfur extraction from soils by chemical compounds tends to fall 
into the following groups; (a) readily soluble SO^^ , (b) readily soluble 
and portions of adsorbed , and (c) readily soluble and portions of 
adsorbed SO^ and portions of organic S (Reisenauer et al., 1973; 
Tabatabai, 1982). No one procedure, however, has proved consistently 
superior in predicting responses to s fertilization. Extractants that 
remove readily soluble and portions of adsorbed SO^ tend to be better 
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correlated with S uptake by plants (Tataatabal, 1982). 
Numerous reagents have been proposed for measuring the readily 
soluble S0^~ fraction in soils. These include water (Freney, 1958; 
Spencer and Freney, 1960; Fox et al., 1964; Nelson, 1964; Walker and 
Doornenbal, 1972), neutral salt solutions such as 0.15% CaCl^ (Williams 
and Steinbergs, 1959), 0.1 M LiCl (Tabatabai and Bremner, 1972a), 
0.5 mM MgClg (Roberts and Koehler, 1968), and NaCl (Williams and 
Steinbergs, 1959) and Na(OAc) (Ensminger, 1954). Although water readily 
extracts soluble SO^ , it tends to deflocculate the soil and may extract 
some organic S not readily available to plants. On the other hand, 
calcium or sodium chloride maintains the soil flocculated, thereby pro­
ducing clear extracts, which contain practically no organic S (Spencer 
and Freney, 1960). Spencer and Freney (1960) obtained high correlations 
between S uptake by Phalaris tuberosa, water extractable S, and 
Aspergillus S. The correlation coefficients were 0.926 and 0.912, 
respectively. Similarly, Roberts and Koehler (1968) showed that the 
sulfate S extracted with 0.1 M LiCl and 5 mM MgCl^ from 53 eastern 
Washington soils were highly correlated with S uptake by wheat plants 
(Triticum sp.). In general, the S extracted was low, averaging less than 
1 mg kg ^ in surface samples and increased with soil depth. 
Readily soluble and portions of adsorbed S0^~ is extracted by 500 
mg L ^  of P as CatHgPO^Ïg or KH^PO^ (Ensminger, 1954; Fox et al., 1964; 
Jones et al., 1972; Hue et al., 1984), CaCO^ suspensions (Williams and 
Steinbergs, 1962), and acidic solutions such as 0.5 N ammonium acetate + 
0.25 N acetic acid and Bray P-1 (Rehm and Caldwell, 1968; Hoeft et al.. 
15 
1973). Generally, more SO^ is extracted from soils by phosphate solu­
tions, because phosphate ions displace adsorbed S0^~. Results from sev­
eral studies, for a wide range of soils, have resulted in significant 
correlation coefficients for the relationship between phosphate-
extractable S and S plant uptake (Fox et al., 1964; Barrow, 1967; Jones 
et al., 1972; Hoeft et al., 1973). A recent work by Probert (1976), where 
isotopically exchangeable S was compared with S extracted with Cadl^PO^)^ 
on five soils, showed that the S0^~ extracted with 0.1 M Cadi^PO^)^ is 
derived from the same pool as that used by plants, thereby suggesting that 
the reagents containing phosphate are the best extractants for assessing, 
the S-supplying power of soils. In addition, since near full recovery of 
added labelled-sulfate was obtained initially, Probert (1976) found that 
this S fraction is comparable with "L" value. More recently. Hue et al. 
(1984) showed that plant yields and S uptake by wheat grown under green­
house conditions were highly correlated with soil-solution SO^ concen-
2 — 
tration and with Ca(H2P0^)2 extractable SO^ . 
Methods which are designed to extract a portion of organic S, in 
addition to water soluble and adsorbed, include heat soluble S (Williams 
and Steinbergs, 1959; Spencer and Freney, 1960; Fox et al., 1964), 0.5 M 
NaHCO , adjusted to pH 8.5, and 1 N NH.(OAc) (McClung et al., 1959). The 
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amount of S obtained by using these extractants has been found to range 
from two to four times that extracted using neutral salt solutions (Fox 
et al., 1964). 
Heat-soluble S measures the amount of water-soluble S released during 
gentle hydrolysis as a result of sequential wet and dry heating of soils. 
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Greenhouse studies in Australia (Williams and Steinbergs, 1954; Spencer 
and Freney, 1960) and field studies in Nebraska (Fox et al., 1964) have 
shown that heat-soluble S is highly correlated with S uptake by plants. 
Bardsley and Lancaster (1960) also found that heat-soluble S was highly 
correlated (r = 0.90) with yield of S from three harvests of white clover 
(Trifolium repens L.). 
The bicarbonate-extractable S method was first proposed by Kilmer 
and Nearpass in 1960, and since then, it has become one of the most widely 
accepted methods to estimate plant-available S (Tabatabai, 1982). In a 
study where cotton plants (Gossipium hirsutum L.) were grown on 30 soils 
from the eastern United States, Kilmer and Nearpass (1960) showed that 
S extracted by this method was significantly correlated (r = 0.89) with 
"A" values. More recently, Rehm and Caldwell (1968) reported that plant 
uptake of S from Minnesota soils had a higher correlation (r = 0.95) than 
the acetate or phosphate-extractable S. Contrary to these findings, 
Probert (1976) reported that soils extracted by bicarbonate removed some 
soil S that was not available to plants when available and isotopically 
exchangeable S was measured in several Australian soils. 
The acetate-extractable S method of estimating plant-available S 
extracts amounts of S similar to those extracted by solutions containing 
phosphate ions; however, it does not displace the adsorbed SO^ . This 
method was found to provide a reasonable index of the S status of some 
Australian (Spencer and Freney, 1960) and Brazilian (McClung et al., 
1959) soils, even though the fraction of S extracted contains relatively 
little organic S. 
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Although there are reports on the correlation between plant-
available S and organic S or total S (Tabatabai and Bremner, 1972b; 
Neptune et al., 1975), relationships of this type are not expected with 
the various fractions of the organic S pools in soils. Recent greenhouse 
experiments, involving labelled S by Freney et al. (1975), showed that S 
uptake by Sorghum vulgare resulted in changes of both Hl-reducible S and 
C-bonded S fractions, 60% of the S taken up by the plants being derived 
from the latter. The changes in C-bonded S involved changes in both 
Raney Mi-reducible and nonreducible S fractions. This led to the con­
clusion that all of the S fractions investigated thus contributed avail­
able S for plant uptake, and none of them are likely to be of any value for 
predicting the S requirements by plants. 
Biological methods for estimating plant-available S in soils have 
included "A" and "a" values, bioassay with algae and Aspergillus, green­
house and incubation techniques. A number of these methods were reviewed 
by Bardsley and Lancaster (1960), Ensminger and Freney (1966), Reisenauer 
et al. (1973), and Beaton et al. (1968). The "A" values measured by the 
technique of Fried and Dean (1952) for P have been used for S. In a 
greenhouse study using 20 soils, Kilmer and Nearpass (1960) found that 
"A" values were correlated with NaHCO^-extractable S. In another green­
house experiment, Harward et al. (1962) showed that "A" values were 
highly correlated with percent S in alfalfa and with extractable S. 
Parallel to "A" values, "a" values provide an index of S availability 
especially useful for assessing the plant-available S in soils. This 
method, as proposed by Steenbjerg (1948), extrapolates the yield of 
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nutrient curve to the X-axis. In a greenhouse experiment using 
Brazilian soils, McClung et al. (1959) showed that the "a" values 
obtained were closely related to responses to applied S. 
Biological evaluation using growth of algae and Aspergillus on soils 
has been shown to correlate as well as the better chemical extractant 
with dry matter yields and S uptake in greenhouse experiments (Spencer 
and Freney, 1960; Naik and Das, 1964; Cullimore, 1966). Spencer and 
Freney (1960) showed that the growth of Aspergillus niger on Australian 
soils extracted a quantity of S similar to that extracted by phosphate 
solutions, which suggests that the fungus is able to utilize both free 
and adsorbed SO^ . In the absence of any marked advantage, however, the 
procedural limitations of such methods would preclude their use as routine 
laboratory procedures. 
Several greenhouse methods have been proposed to estimate plant-
available S in soils and frequently used as a basis for evaluating chemical 
methods of estimating available S. In general, these methods can be 
divided into two groups. The first group involves the growth of a large 
number of plants on a small amount of soil for a short period of time. 
The second group involves the long-term (several months) growth of a few 
plants in a large volume of soil. In short-term experiments, such as those 
reported by Cairns and Richer (1960), Sanford and Lancaster (1962), and 
Rehm and Caldwell (1968), plants were grown in a small volume of soil 
where root penetration into the soil was achieved within a short period 
of time and exhausted the available S supply of the soil. Conversely, in 
long-term experiments reported by Spencer and Freney (1960), Fox et al. 
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(1964), Barrow (1967), and Widdowson (1970), the test plants were grown 
in a large volume of soil (1 kg of soil or more) and chosen so that suc­
cessive harvestings can be obtained. The results obtained from these 
studies showed that, frequently, plant-available S was exhausted by the 
test plant and an estimate of the rate of organic S mineralization could 
be made by deducting from plant uptake of S the decrease in soluble 
plus adsorbed sulfate S in the soil (Spencer and Freney, 1960). 
Incubation procedures for assessing the capacity of a soil to con­
vert organic S to Inorganic S0^~ the same way as has been used for N have 
little success (Barrow, 1961; Hesse, 1957; Tabatabai and Bremner, 1972a), 
since only small quantities of S are released and its precise determination 
is difficult. In addition, the quantity of S released is affected by the 
presence or absence of plants (Nicolson, 1970). 
Most studies to evaluate S mineralization potentials of soils under 
aerobic conditions showed that only small quantities of SO^ are released. 
Results reported by Tabatabai and Bremner (1972a), using 12 Iowa surface 
soils, showed that the amount of S mineralized during 10 weeks of aerobic 
incubation on an average represented only 1.3% of the total S.. In addi­
tion, the amount of S mineralized was not significantly correlated with 
total S, SO^-S, organic C, total N, or mineralizable N. Recently, how­
ever, long-term incubation studies of soils in leaching columns with 
intermittent leaching with 0.01 M KCl as first proposed by Stanford and 
Smith (1972), for the determining of mineralizable N, resulted in the 
mineralization of significant amounts of SO^-S (Tabatabai, 1982). 
Tabatabai and Al-Khafaji (1980) showed that the total amounts of organic 
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S mineralized in 12 Iowa surface soils incubated for 26 weeks at 20 and 
35°C ranged from 3.5 to 13.6% (avg = 7.8%) and from 8.9 to 34.9% (avg = 
22.8%), respectively. Long-term incubation studies deserve further 
investigation because Tabatabai and Al-Khafajl (1980) showed that cumula­
tive amounts of S and N mineralized during 26 weeks were significantly 
correlated at the two temperatures used. Furthermore, no mineralization 
potential (S^), correlation with plant growth or other indexes of plant-
available S have been reported in the literature. 
Determination of Sulfur in Soils 
To determine the total S in soils, the various S forms are converted 
into one form, either by oxidation to SO^ (dry or wet procedure) or by 
reduction to S^ (conversion to SO^ is more common than conversion to S^ ) 
4 
The SO^ or S^ produced is then determined. 
Several methods have been proposed for the reduction of soil S to 
S^ . Usually a reducing agent is used to convert S to H^S or to convert 
it to a metallic sulfide form, which can be decomposed by dilute acid to 
HgS. Among the many reductants used, methods based on metallic Fe and Mg 
have the advantage that they avoid many of the difficulties associated 
with oxidation procedures; however, they required more time (Beaton et 
al., 1968; Steinbergs et al., 1962). 
Various procedures have been employed to oxidize soil S to S0^~. 
One of the most widely used procedure is the fusion of the sample with 
NagCOg and an oxidizing agent (Beaton et al., 1968). The procedure 
recommended by the Association of Official Agricultural Chemists (1955) 
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requires fusion using both Na^CO^ and Na^O^ and this method is probably 
the best for all types of soils. A mixture of Na^CO^ and NaNO^ has been 
used in other procedures (Bertrand and Silberstein, 1927; Robinson, 1930). 
Satisfactory results have also been obtained by fusion with single sub­
stances such as Na CO , NaNO , Na 0 , KCl, and Mg(NO ) (Hart and Peter-
Z j j 6 6 J 6 
son, 1911; Evans and Host, 1945; Steinbergs, 1955). A method based on 
heating of the soil sample in a stream of 0^ and passing the combustion 
products over red-hot Na^CO^ has also been proposed (Little, 1957). 
Other procedures which involve the ignition of the soil sample with 
NaHCOg either alone or in combination with AggO has been recommended by 
many researchers (Steinbergs et al., 1962). In this procedure, the soil 
sample is mixed with NaHCO^ and Ag^O and heated at 550°C for three hours 
before sulfate analysis. 
The use of automated techniques for total S analysis of soil designed 
to overcome complicated, time-consuming procedures associated with dry 
combustion techniques are available. So far, the only automated combus­
tion instrument evaluated for total S analysis of soils is the LEGO S 
analyzer. This instrument consists of an 0^ purification train, a high-
frequency induction furnace fitted with a timer to regulate the time of 
induction, and an automatic SO^ titrator (Bremner and Tabaéabai, 1971; 
Tabatabai, 1982; Tabatabai and Bremner, 1983). In the determination of 
total S, the soil sample is treated in a ceramic crucible with combus­
tion accelerators and heated to a high temperature (ca. 1,600°C) in a 
stream of purified 0^. The SO^ evolved is collected in dilute HCl con­
taining KI, starch, and a trace amount of KIO^ and is determined auto­
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matically by titration with standard KIO^ solution (Tabatabai, 1982). 
Evaluation of the S analyzer by Tabatabai and Bremner (1970a) had shown 
that results for total S in soils are usually higher, with poor preci­
sion, than those obtained by wet or dry oxidation methods, followed by 
reduction and determination as methylene blue. This S analyzer is 
useful, however, for total S determinations of some types of soil in­
vestigations when only an estimate of the total S is required. 
Of the various acid treatments commonly used, HCIO^ and a mixture 
of HCl^ plus HNOg has been most popular. The HCIO^ acid method is less 
tedious than the NaCO^-Na^O^ fusion method, but it may not decompose all 
the soil mineral constituents containing S in some soils. To avoid the 
danger of explosion, predigestion of soils high in organic matter with 
HNOg prior to addition of HCIO^ is necessary (Johnson and Nishita, 1952). 
A method based on oxidation of soil S with NaOBr solution is also 
available (Tabatabai and Bremner, 1970b). This method was developed to 
overcome the unsafe features of boiling HCIO^ and is based on wet oxida­
tion of the soils under alkaline conditions, thus avoiding the risk of 
gaseous loss of S (as H^S, SO^, or SO^) associated with the use of acid 
oxidants' under certain conditions. The procedure gives quantitative re­
sults with pure organic and inorganic S compounds, including amino acids, 
sulfonic acids, organic sulfates, sulfoxides, thioureas, sulfates, sul­
fites, sulfides, and elemental S. In addition, quantitative recovery 
is obtained when organic and inorganic S were added to soils and soil 
extracts, and its results with soils agree closely with those obtained 
with other methods. In this method, the soil sample containing 0.01 to 
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0.05 mg of S Is mixed with 3 ml of NaOBr solution and heated in a sand 
bath at 250 to 260°C to convert S compounds to SO^ . The SO^ thus 
produced is determined by the methylene blue method after reduction to 
HgS. 
Analysis of the SO^ formed in the oxidation can be determined 
gravimetrically as BaSO^ (AGAC, 1955), turbidimetrically (Steinbergs, 
1955; Bentley et al., 1955), or colorimetrically after its reduction 
to HgS (Johnson and Nishita, 1952). Gravimetric methods are often 
tedious or difficult to reproduce because of the shortcomings in the 
analytical procedures. Other methods such as turbidimetric, in which 
extracts of oxidation residues are analyzed for SO^ can be subject to 
serious errors if the soil which is analyzed contains significant amounts 
of Ba or other metallic cations that form sparingly soluble salts with 
2_  
SO^ (Tabatabai, 1982). 
Of the various colorimetric methods recommended for the analysis of 
SO^ , the procedure developed by Johnson and Nishita (1952) is the most 
sensitive and accurate method available. In this method, a mixture of HI, 
HgPOg, and HCOOH is used as the reducing agent. The liberated H^S is ab­
sorbed in a buffer containing Zn(0Ac)2 and NaOAc solution, and reacted with 
£-aminodimethyl-aniline sulfate and ferric ammonium sulfate reagents for 
methylene blue color development. The intensity of the methylene blue 
color is then determined colorimetrically at a wavelength of 670 nm. 
The conversion of SO^ to H^S by this method after fusion, ignition, 
digestion, or oxidation of the soil sample obviates many problems. This 
method is capable of completely converting inorganic or organic S0^~ 
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(soluble or Insoluble) to (Johnson and Nlshita, 1952; Freney, 1958). 
Other methods for analysis of total S, less frequently used in soil 
research, are also available. The discussion of these methods are not 
presented here. The reader is referred to reviews by Beaton et al. 
(1968) and Tabatabai (1982) for further information about these 
procedures. 
Although it is well known that S in soils is mostly present in or­
ganic forms, very little is known about the chemical nature of these S 
compounds. Procedures for direct determination of organic S content of 
soils are not available, but this can be calculated from the difference 
between the SO^ values obtained before and after digestion or ignition 
of soil. In such methods, oxidation of organic S fractions must be com­
plete, other forms of inorganic S should not be included in the determina­
tion, and that losses by volatilization or incomplete extraction must be 
at a minimum. Evans and Rost (1945) proposed a method for oxidizing or­
ganic S with HgOg in acid-washed soil; however, volatilization losses 
resulted when wet oxidation procedures were used (Williams and 
Steinbergs, 1959). A mixture of soil and NaHCO^ has also been used in the 
determination of organic S in soils (Bardsley and Lancaster, 1960). This 
method involves the ignition of a mixture of soil and NaHCO^ and measuring 
the S content by the methylene blue method directly following ignition. 
An unignited soil sample is then analyzed using the methylene blue pro­
cedure and organic S is calculated by the difference between the values 
(Bardsley and Lancaster, 1960). The validity of this assumption is ques­
tionable since determination on the unignited soil may include ester S as 
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well as inorganic S. Accurate direct determination of total organic S 
is not possible by present analytical methods, and, therefore, many re­
searchers (Tabatabai and Bremner, 1972b; Neptune et al., 1975) normally 
estimated total organic S from the difference between total S and sul­
fate S values determined Independently. 
Although the chemical nature of organic S in soils cannot be eluci­
dated as well as the inorganic fraction, two groups have been classified 
according to the nature of the reagents used or according to the groups 
of S compounds attached by the reagents. These include: (a) non C-
bonded S, such as ester sulfates, and (b) C-bonded S which include amino 
acids, such as methionine and cysteine. The methods used to estimate 
these organic S fractions in soils were discussed before. 
Another method used for the characterization of the organic S frac­
tions in soils include reaction with Sn and HCl (Smittenberg et al., 1951; 
Melville et al., 1971). The method proposed by Smittenberg et al. (1951) 
involves digestion of a soil sample with HCl for determination of the raono-
sulfidic S compounds and digestion with Sn and HCl for determination of the 
total oxidizable S. Application of the method to a variety of organic S 
compounds showed the reduction of some organic compounds. However, the 
nature of S fraction reduced to H^S by Sn and HCl is unknown. Much of 
this reducible S fraction in soils is extractable with 0.5 N NaOH and 
is distributed between the fulvic and humic acid fractions (Melville 
et al., 1971). 
Several methods have been proposed for the determination of extract-
able sulfate in soils. These include gravimetry, turbidimetry and 
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nephelometry, titrimetry, X-ray flourescence, atomic absorption spectro­
photometry (Beaton et al., 1968), and ion chromatography (Dick and 
Tabatabai, 1979). Selection of a particular technique for sulfate 
analysis of aqueous solutions is dependent on the accuracy and precision 
desired. Of these methods, the turbidimetric determination of sulfates 
as BaSO^ is the most widely used? however, the methylene blue colori-
metric method developed by Johnson and Nishita (1952) is the most sensi­
tive and accurate. 
The turbidimetric method is based on Beer's Law principle where the 
intensity of light is reduced when light passes through a solution con­
taining suspended particles of BaSO^. The method involves the precipita­
tion of sulfate ions in aqueous solutions by the addition of BaC1^. Being 
finely divided, the BaSO^ remains suspended in the solution and its ef­
fect on light transmission through the solution is measured by a spectro­
photometer. Generally, this method is rapid and sensible; however, it is 
subject to many interferences and the formation of reproducible BaSO^ 
suspensions under uniform precipitation conditions is extremely difficult 
(Beaton et al., 1968). In addition, presence of colloidal organic mat­
ter, presence of interfering ions, presence of stabilizer, size of BaClg 
crystals, and concentration of S can also affect the turbidimetric de­
termination of sulfate as BaSO^ (Reisenauer et al., 1973). 
Recently, Dick and Tabatabai (1979) evaluated the ion chromatographic 
method (Id) for determination of SO^ in soils extracted with various ex-
tractants. Results showed that extractable SO^ in a variety of soils 
agreed closely with those obtained by the methylene blue method (Dick and 
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Tabatabal, 1979). This method has a high sensitivity, precision, and 
accuracy for analysis of SO^ and it can detect as little as 0.2 mg kg ^ 
of SO^ against a background of 10 mM chloride, phosphate, or acetate. 
This method, however, requires expensive equipment. 
Reduced forms of inorganic S, such as sulfides and polysulfIdes, 
are not found in well-draind soils, but occur mainly under reducing con­
ditions caused by poor drainage or waterlogging. Determination of the 
reduced forms of organic S, with a high degree of accuracy in soils, is 
difficult, partly because of the limitations of current analytical methods. 
No method has been entirely satisfactory for determination of sulfide in 
soils (Tabatabai, 1982). Smittenberg et al. (1951) proposed a method 
for the determination of sulfide S in soils. It involves the digestion 
of a soil sample with HCl and distilling the liberated H^S with a Ng 
current into a trapping solution, after which it is determined iodo-
metrically. This procedure, however, resulted in an underestimation of 
the present, because digestion of soil with HCl does not release 
the S from acid-insoluble metal sulfides (Melville et al., 1971). 
A simple method for the estimation of reduced inorganic S in re­
duced environments was developed by Aspiras et al. (1972). The method 
involves distillation of a sample in the presence of Zn and HCl and 
determination of as methylene blue. Results showed quantitative 
recovery of S^, , and , and partial recovery of other reduced 
forms of inorganic forms, such as S^O^", s^0^~, S^O^", and SO^". Other 
methods for determining E^Og , S^Og , and are reviewed by Beaton et 
al. (1968) and Tabatabal (1982) are not discussed here. 
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The determination and characterization of the different S fractions 
in soils is essential in understanding the behavior and estimation of the 
net S supply to plants in soils. Thus, there has been a continuous need 
for the development of rapid and precise methods to determine and char­
acterize organic S in soils. Therefore, the objectives of this work 
were: (1) to develop a rapid and precise method for determining SO^-S 
in soils; (2) to extend the use of this method in the evaluation of or­
ganic S in soils; (3) to assess the potentially mineralizable S and 
S mineralization rates in selected Iowa and Chilean soils; and (4) to 
study the relationships between the available S as determined by chemi­
cal and biological methods and plant uptake of organic S in soils. 
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MATERIALS AND METHODS 
Soils 
The soils used in this work were surface samples (0-15 cm) se­
lected as representative soils of Iowa and Chile. Of these, 13 soil 
samples were obtained in June 1984 from various locations across Iowa 
(Fig. 1). The seven Chilean soils were sampled in March 1984 from repre­
sentative agricultural areas (Fig. 2). 
The samples were selected to represent soils that developed under di­
verse climatic conditions and parent material, and differ in age and type 
of agriculture management practice used. Thus, a wide range of chemical 
and physical properties and S-supplying power would be obtained (Table 1). 
The field-moist soils were passed through 6-mm screen, mixed 
thoroughly, and placed in polyethylene bags and stored in a refrigerator 
at 5°C for the greenhouse experiments. A subsample of each soil was air-
dried and ground to pass a 2-mm sieve and a portion of it was ground to 
pass a 100-mesh sieve. 
In the analyses reported in Table 2, pH was determined by a glass 
electrode (soil/water or 0.01 M CaClg ratio, 1:2.5), organic C by the 
method of Mebius (1960), inorganic C by the method of Bundy and Bremner 
(1972), total N by the semimicro-Kjeldahl procedure described by Bremner 
and Mulvaney (1982), inorganic N (NH* and NO^) as described by Keeney and 
Nelson (1982). Total P was determined by the method of Dick and Tabatabai 
(1977), and organic and inorganic P by that of Olsen and Dean (1965), as 
modified by Chae and Tabatabai (1981). Total S was determined by the 
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Figure 1. Locations of the soils sampled in Iowa 
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Figure 2. Locations of the soils sampled in Chile 
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Table 1. Vegetation at sampling time and previous crops on the 
soils used 
Soil Vegetation Previous crop 
Ida 
Hayden 
Downs 
Luther 
Fayette 
Tama 
Lester 
Clarion 
Muscatine 
Nicollet 
Harps 
Okoboj i 
Canisteo 
Alhue 
Constitucion 
Maipo 
Aqua del Gato 
Collipulli 
Santa Barbara 
Osorno 
Iova soils 
Bromegrass 
Red clover 
Bromegrass 
Red clover 
Quackgrass + 
bromegrass 
Bromegrass 
Bromegrass 
Bromegrass 
Bluegrass 
Bromegrass 
Bromegrass 
Oat residues 
Bromegrass 
Chilean soils 
Fallow (summer) 
Fallow (summer) 
Fallow (summer) 
Subterranean clover 
Fallow (summer) 
Fallow (summer) 
Fallow (summer) 
Corn (unfertilized) 
Red clover 
Corn (fertilized, NH^) 
Red clover 
Uncropped (many years) 
Corn (fertilized, urea) 
Uncropped (many years) 
Unfertilized plot 
Uncropped (many years) 
Unfertilized plot 
Unfertilized plot 
Oat (fertilized, 64-40-0) 
Unfertilized plot 
Wheat-oat 
Subterranean clover-wheat 
Wheat-oat 
Wheat-oat + 
subterranean clover 
Wheat-oat + 
subterranean clover 
Wheat-oat + 
subterranean clover 
Wheat-oat + 
subterranean clover 
Table 2. Properties of soils used 
Soil PH^ Carbon as Nitrogen as 
No. Series Subgroup «2° CaCl 2 Org. 
b 
Inorg. Total NH4 NO3 
% mg kg"l of 
Iowa soils soil 
1. Ida Typic Udorthent 7.4 6.7 0.6 8.7 0.078 4 0 
2. Hayden Typic Hapludalf 5.8 5.1 0.8 0 0.080 2 2 
3. Downs Mollic Hapludalf 6.4 6-4 1.0 0 0.106 9 6 
4. Luther Aerie Ochraqualf 6.4 5.6 1.3 0 0.102 6 7 
5. Fayette Typic Hapludalf 7.4 6.9 1.5 2.9 0.175 5 12 
6. Tama Typic Argiudoll 5.4 5.1 2.2 0 0.190 7 31 
7. Lester Mollic Hapludalf 6.6 6.1 3.4 0 0.253 5 10 
8. Clarion Typic Hapludoll 6.2 5.4 3.4 0 0.270 8 4 
9. Muscatine Aquic Hapludoll 7.6 6.9 3.6 1.2 0.250 6 5 
10. Nicollet Aquic Hapludoll 6.4 5.9 3.7 0 0.282 8 9 
11. Harps Typic Calciaquoll 7.9 7.2 4.0 4.7 0.328 4 6 
12. Okoboji Cumulic Haplaquoll 7.0 6.7 4.3 0 0.390 4 21 
13. Canisteo Typic Haplaquoll 7.8 7.2 4.4 3.5 0.379 4 4 
Chilean soils 
14. Alhue Xeric Durandept 8.0 7.4 1.4 4.2 0.131 1 15 
15. Constitucion Ultic Paleustalf 5.6 5.1 1.6 0 0.119 6 31 
16. Maipo Typic Xerofluvent 7.8 7.1 2.0 3.5 0.159 3 19 
17. Aqua del Gato Typic Pelloxerert 7.8 7.5 2.8 3.5 0.297 6 27 
18. Collipulli Typic Palehumult 5.7 5.1 3.4 0 0.226 12 9 
19. Santa Barbara Entic Dystrandept 6.0 5.4 8.4 0 0.613 8 21 
20. Osorno Typic Dystrandept 5.3 4.9 8.4 0 0.761 20 80 
^Soil;water or soilrO.Ol M CaCl^ ratio, 1:2.5. 
^CaCOg equivalent. 
Table 2. (Continued) 
No. 
Phosphorus as Sulfur as 
CEC 
Exchangeable bases 
Clay Sand 
Mois 
ture Org. Inorg. Org. S02-= 
4 
Na K Ca Mg 
_1 
«ft ^  f OrtT 1 . kg • my Ky ot suxx' 
Iowa soils 
1. 41 712 138 1.9 15.6 0.1 0.6 - 1.6 16 7 3 
2. 109 266 126 2.0 10.5 0.0 0.4 6.1 1.4 14 53 11 
3. 174 249 189 6.6 17.8 0.0 0.4 10.1 2.6 24 4 6 
4. 160 171 122 3.2 14.0 0.0 0.3 8.9 1.1 17 33 12 
5. 197 234 221 5.0 17-8 0.1 0.4 - 6.3 18 4 23 
6. 330 163 230 10.3 18.6 0.1 0.5 9.2 1.9 23 5 8 
7. 292 135 397 4.3 19.5 0.0 0.5 15.0 2.6 16 33 29 
8. 366 173 316 2.6 25.9 0.0 1.0 10.0 3.9 23 31 27 
9. 326 167 345 2.5 35.0 0.0 0.5 - 1.2 28 4 23 
10. 327 217 388 2.0 25.8 0.0 1.5 16.2 2.1 21 40 28 
11. 352 261 467 3.0 34.8 0.1 0.4 - 1.9 29 27 32 
12. 362 516 432 4.8 36.1 0.0 1.2 27.9 3.5 26 30 24 
13. 353 247 473 5.7 40.0 0.0 0.5 
-
1.5 32 21 33 
Chilean soils 
14. 152 427 351 7.2 15.1 0.3 0.4 - 1.8 18 40 9 
15. 109 154 154 5.4 9.3 0.1 0.1 5.9 2.1 14 64 1 
16. 160 1247 1633 59.0 18.4 0.6 0.8 - 2.1 28 23 19 
17. 303 454 502 124.0 40.4 1.8 0.7 - 5.7 40 16 24 
18. 160 628 366 0.3 28.2 0.2 0.3 10.8 2.1 42 22 16 
19. 711 804 646 1.8 39.6 0.1 1.1 10.7 1.4 17 20 18 
20. 1196 767 892 1.9 52.4 0.1 1.5 0.7 1.7 31 17 50 
'^Extracted with 0.1 M LiCl; 1:10, soil: solution ratio. 
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NaOBr oxidation method and organic S and inorganic SO.-S (0.1 M LiCl -
4 — 
extractable) as described by Tabatabai (1982). The cation-exchange 
capacity was measured by the method of Chapman (1955). Exchangeable 
K, Ca, and Mg were determined by using 1 N neutral NH^CAc as de­
scribed by Heald (1965) and Pratt (1965), and particle-size distribution 
by the pipette method of Kilmer and Alexander (1949). Organic C, total 
N, total P, inorganic P, and total S were performed on the < 100-mesh 
samples. All other analyses were carried out by using the < 2-mm soil 
samples. All results reported are on a moisture-free basis, moisture 
being determined from loss in weight after drying at 105°C for 48 h. 
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PART I. DETERMINATION OF SULFATE IN SOILS BY REDUCTION 
WITH TIN AND PHOSPHORIC ACID 
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INTRODUCTION 
Inorganic sulfate is readily absorbed by plants and represents 
an immediately available supply, and may occur in soils as water-
soluble salts, adsorbed by soil colloids, or as insoluble forms. 
The fractions of inorganic SO^ present in each of these states are 
dependent on several soil chemical and physical properties. 
Many methods have been proposed for the determination of inorganic 
SO^-S in soils. These include gravimetric, turbidimetric and nephelo­
metric, titrimetric. X-ray flourescence, atomic absorption spectro-
photometric, and ion chromatographic methods. Among these methods, the 
methylene blue and ion chromatographic methods have proved the most 
sensitive and accurate methods available for the determination of 
microgram quantities of SO^-S in soil extracts. The ion chromatographic 
method, however, requires the relatively high initial cost, maintenance 
and skills in handling the equipment. In addition, the solution injec­
tion for analysis must be low in organic materials and soluble salts. 
The methylene blue method, even though sensitive and precise, is not 
specific for inorganic SO^-S because the reducing mixture used for the re­
duction of SO^-S to HgS also reduces S in a variety of inorganic and 
organic compounds. Other simple methods are available for turbidimetric 
determination of inorganic SO^ , but usually, the results are not accurate 
and reproducible in soil extracts. Therefore, there has been a continu­
ous need for the development of rapid and precise methods for the de­
termination of SO.-S in soil extracts. 
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The objectives of this part of the work were; (1) to evaluate the 
use of Sn and H^PO^ acid as a reducing agent for the reduction of 
SO^-S to HgS for subsequent determination as methylene blue; and 
(2) to compare the results of the above method with those obtained 
by using a mixture of HI, HCOOH, and H^POg as a reducing agent to 
convert SO^-S to H^S and determination as methylene blue and by using 
ion-chromatographic methods. 
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DESCRIPTION OF METHODS 
The soils used In this part of the study were those reported in 
Table 2. 
Apparatus 
The apparatus used was a modification of the digestion-distillation 
unit designed by Johnson and Nishita (1952) for estimation of S as 
HgS. Details of this apparatus are described by Tabatabai (1982). 
Reagents 
Dehydrated phosphoric acid: About 250 ml of 85% H^PO^ (A.C.S. 
Certified, Fisher Scientific Co., Fair Lawn, N.J.) were added to a 500-
mL, three-necked round-bottom flask apparatus described by Tabatabai 
(1982). The flask was placed in a heating mantle supported by a metal 
ring and connected to a rheostat in a well-ventilated hood. A fitted 
thermometer graduated to 360°C was placed in the center neck. The exhaust 
fumes outlet was connected to one of the side necks and the other side 
neck was connected to a source of N^ gas. A 250-ml Erlenmeyer flask 
containing about 150 ml of cold water was placed under the fume exhaust 
outlet. A stream of purified gas was allowed to bubble through the 
acid. The acid was heated slowly until the temperature reached 300°C. 
The heating was discontinued and the acid was cooled to about 150°C 
while bubbling gas through it, then stored in a dissicator contain­
ing CaCl_. 
6 
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Tin and phosphoric acid: 100 g of SnCl^.211^0 (A.C.S. Certified, 
Fisher Scientific Co., Fair Lawn, N.J.) and 250 g dehydrated H^PO^ 
were added to a 500-ml, three-necked round-bottom flask. The mixture 
was heated to 300°C as described previously. The resulting Sn-
containing phosphoric acid was stored in a bottle in a CaClg desiccator 
This reagent can be stored for several months. 
Reagents for reduction of sulfate and estimation of methylene blue 
Pyrogallol-sodium phosphate solution, zinc acetate-sodium acetate solu­
tion, £-aminodimethylaniline solution, ferric ammonium sulfate solution 
purified N^, and standard potassium sulfate solution were prepared as 
described by Tabatabai (1982). 
Lithium chloride (LiCl), 0.1 M; 4.2 g of LiCl was dissolved in 
about 700 ml of water, and made to a volume of 1 liter with water. 
Calcium chloride dihydrate (CaCl .2H 0), 0.15%: 1.5 g of 
CaCl^.21420 was dissolved in about 700 of water, and made to a volume of 
1 liter with water. 
Calcium phosphate monohydrate solution [Ca(H2P0^)2»H20], 500 mg 
P L 2.02 g of Ca(H2P0^)2.H20 was dissolved in about 700 ml of water, 
and made to a volume of 1 liter with water. 
Water; Deionized water was used throughout. 
Procedure 
Sulfate in each soil was extracted with one of the following re­
agents: 0.1 M LiCl, 0.15% CaCl2, or 500 mg L~^ P as Ca(H2PO^)2. The 
soil extract was obtained by shaking for 30 min, 5 g of soil (< 2 ram. 
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oven-dry basis) with 50 ml of extractant in an 80-ml polypropylene 
centrifuge tube and centrifuging the resulting suspension at 2400 x g 
for 10 min. Then the supernatant solution was transferred to a 50-ml 
polypropylene centrifuged tube and centrifuged again for 3 min at 
10,000 X g to remove any particulates. 
An aliquot of soil extract (usually 20 ml) containing 10 to 50 p.g 
of SO^-S was placed in a 50-ml reduction-distillation flask and dried in 
an oven at 100°C or a sample (25 (iL) of a model S compound containing 
32 M-g S was treated with (by a rapid delivery pipette) 4 ml of tin and 
phosphoric mixture. The flask was connected to the apparatus and 
heated on a flow flame for 30 min. The H^S evolved was collected and 
determined as methylene blue as described by Tabatabai (1982). Between 
samples, the gas inlet was cleaned with a jet of water from a wash 
bottle and any excess water was removed by means of Kemwipe. Excess water 
on the gas inlet tube decreases the reduction power of reducing solution. 
Controls were performed in each series of analyses to allow for S de­
rived from the reagents used. 
For comparison of the results, the soil extracts were also analyzed 
for SO^-S by ion chromatographic (Dick and Tabatabai, 1979) and the 
methylene blue method of Johnson and Nishita (1952). 
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RESULTS AND DISCUSSION 
Unless otherwise specified, all results reported are averages of 
duplicate determinations. 
Comparison with Other Methods 
Use of Sn and H^PO^ was investigated because the information avail­
able indicates that this mixture is very effective in reducing soluble 
or insoluble SO^-S (Kiba et al., 1955; Kiba and Kishi, 1957; Volkov and 
Ostroumov, 1958). Comparison of results obtained by Sn and H^PO^ method 
(Table 3) showed that the results are in close agreement with those ob­
tained by the HI and IC methods, and that 0.1 M LiCl, 0.15% CaClg, and 
a solution containing 500 mg L ^ P as CafHgPO^jg extracted almost identical 
amounts of SO^-S in each of the 13 Iowa soils studied. These results 
support previous findings that Iowa surface soils do not contain signifi­
cant amounts of adsorbed SO^-S (Tabatabai and Bremner, 1972a). 
Tests of the effects of extractants on SO,-S values obtained for 
4 
the Chilean soils showed that the results by Sn and H^PO^ method were in 
close agreement with those obtained by the HI and IC methods (Table 3). 
With three soils (Collipulli, Santa Barbara, and Osorno), the results 
of SO^-S obtained by the Sn and H^PO^ and HI methods, however, were 
higher when 500 mg L~^ of P as CafHgPO^jg was used as an extractant than 
those obtained by the other extractants. These higher SO^-S values 
could be due to the extraction of adsorbed SO^-S. Adsorption of S0^~ 
in soil systems is favored by strongly acid conditions, usually pH < 5.5, 
and becomes negligible at pH values >6 (Williams and Steinbergs, 1962 ). 
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Table 3. Comparison of SO^-S in soils determined by the methylene 
blue method after reduction with tin and phosphoric acid 
or hydriodic acid and by ion chromatographic method 
Sulfate-S extracted by reagent specified^ 
LiCl CaClg CafHgPO^ig 
Soil 
Sn— 
H3PO, HI 
Sn— 
H3PO4 HI IC 
Sn-
H3PO4 HI 
kg ^ soil-mg 
Iowa soils 
Ida 1.9 1.9 1.9 2.0 1.8 2.0 2.0 
Hayden 2.1 2.0 1.9 2.0 2.1 2.1 2.1 
Downs 5.8 5.6 5.5 5.7 5.5 5.5 5.6 
Luther 2.8 2.9 2.8 2.7 2.8 2.9 2.9 
Fayette 4.9 5.0 5.0 5.1 5.0 5.2 5.3 
Tama 10.2 10.3 10.4 10.2 10.1 10.3 10.2 
Lester 3.2 3.3 3.1 3.0 3.2 3.2 3.2 
Clarion 3.3 3.1 3.2 3.2 3.1 3.2 3.2 
Muscatine 2.8 2.6 2.6 2.7 2.6 2.6 2.7 
Nicollet 3.4 3.0 2.6 2.5 2.8 3.8 3.2 
Harps 3.8 3.7 3.8 3.6 3.6 3.7 3.5 
Okoboji 4.8 4.8 4.9 4.8 4.9 4.8 4.9 
Canisteo 4.7 4.7 4.8 4.7 4.7 4.8 4.8 
Chilean soils 
Alhue 7.3 7.2 7.4 7.2 7.3 7.3 7.4 
Constitucion 4.6 4.5 4.7 4.7 4.6 4.6 4.5 
Maipo 54.0 54.6 54.7 54.0 55.1 54.0 53.6 
Agua del Gato 129.5 130.0 130.2 129.9 128.2 129.5 130.5 
Collipulli 1.5 1.6 1.5 1.6 1.6 2.8 3.0 
Santa Barbara 1.7 1.8 1.7 1.8 1.7 11.1 11.3 
Osorno 1.6 1.7 1.6 2.0 1.7 6.6 6.7 
®0.1 M LiCl; 0.15% CaCl^; 500 mg P l"^ as CafHgPO^ig. 
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Analytical Specificity 
Use of Sn and H^PO^ mixture was investigated for the analytical 
specificity, to reduce (to H^S) a variety of organic and inorganic S 
forms because the information available indicates that reducing agent 
(HI) used for the reduction of SO^-S to H^S also reduces S in a variety 
of organic and inorganic S compounds (Freney, 1958). Table 4 shows 
results obtained with inorganic compounds containing S in the forms of 
sulfate, sulfite, sulfide, thiosulfate, thiocyanate, and elemental S 
and various organic S compounds (amino acids, sulfonic acids, organic 
sulfates, sulfoxides, thiourea, etc.). The analyses reported in Table 4 
were performed on aliquots (25 flL) of the compounds listed. The compounds 
analyzed were analytical grade-reagents, and the results reported repre­
sent the means of duplicate analyses of samples containing 32 micrograms 
of S. 
Tin-phosphoric acid and HI, HCOOH, and H^POg reducing mixtures re­
duced certain organic and inorganic S compounds to H^S (Table 4). Only 
in a few cases, inorganic S was not completely reduced to H^S at 30 min 
digestion time. However, in most cases, increasing the digestion time 
up to 4 h increased the S recovered. This is in agreement with results 
obtained by Ohashi (1955). A large number of organic S compounds were 
partially or not reduced by the HI mixture. These results support pre­
vious findings by Freney (1958) and Johnson and Nishita (1952). Al­
though sodium and potassium thiocyanate and allyl isothiocyanate were 
partially reduced with the HI mixture, these compounds were not reduced 
with Sn and H^PO^. In contrast to this, cysteine hydrochloride. 
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Table 4. Recovery of S (32 p,g) from organic and inorganic compounds 
by the tin and phosphoric and hydriodic acid methods 
Compound 
Nature of 
grouping 
Recovery 
Sn-HgPO^ HI 
Inorganic 
Magnesium sulfate 
Potassium sulfate 
Sodium sulfate 
Zinc sulfate 
Sodium thiosulfate 
Sodium sulfite 
Sodium thiocyanate 
Potassium thiocyanate 
Sodium sulfide 
Elemental sulfur 
Organic 
Allyl isothiocyanate 
Cysteine hydrochloride 
Cystine 
Methionine 
Methionine sulfone 
) 
Methionine sulfoxide 
Sodium diethylthiocarbamate 
S0^ = 
4 
scr = 
4 
s o .  
so = 
4 
32°] = 
303= 
-S-C=N 
-S-C=N 
S= 
-N=C=S 
-C-SH 
—C—S~S~C" 
—C—S—C— 
—C—SO^—C-
—C—SO—C— 
i-s-
101.5 
99.6 
100 .0  
96.6 
97.3 
97.8 
0 
0 
1 0 0 . 0  
47.6(70.5) 
20.5(40.2) 
85.9(100.5) 
0 
1.9(1.9) 
0 
0 
100.0 
98.4 
100 .0  
95.2 
95.8 
97.8 
3.5 
6 . 1  
100 .0  
87.5 
8.7 
0 
0 
0 
0 
0 
0 
^30 min digestion. Figures in parentheses are those obtained 
after 4 h. 
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Table 4. (Continued) 
Compound 
Nature of 
grouping 
Recovery 
Sn-HgPO^ HI 
Thioacetamide 
Thiourea 
Dimethylsulfamoyl chloride 
Ethyl dichloro 
thiophosphate 
£-nitrophenyl sulfate 
Sinigrin monohydrate 
Cysteic acid 
Sulfanilamide 
Sulfanilic acid 
Taurine 
S 
-ë-NH2 
S 
HgN-C-NHg 
N-SOgCl 
-oJ;;" 
CI 
—0—SOg— 
-S-C=NOSO, 
-C-SOgOH 
-C-SOg-NHg 
-C-SOgH 
-C-SOgH 
100.7 
10.9(21.0) 
53.1(68.8) 
100.0 
92.8 
91.6(100) 
0 
0 
0 
0 
0 
0 
5.0 
•75.0 
93.6 
95.0 
0 
0 
0 
0 
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cystine, methionine sulfone, thioacetamide, and thiourea were not 
reduced with the HI mixture, but were partially or completely reduced 
with Sn and H^PO^ mixture. 
Precision 
The precision of the Sn and H^PO^ method for analysis of soil ex­
tracts is illustrated in Table 5, which gives the results of repli­
cated analyses of 4 soils with two extractants [0.1 M LiCl and 500 mg 
L ^ P as CafHgPO^ig]' The means of SO^-S contents of these soils, ex-
pressed in mg kg of soil, ranged from 2.1 to 53.8, with standard de­
viations ranging from 0.04 to 1.00, and the coefficient of variation 
ranging from 1.9 to 5.3. 
Comments 
Phosphoric acid becomes anhydrous at 150°C, gradually changes to 
pyrophosphoric acid at about 200°C, and changes to metaphosphoric acid 
when heated above 300°C (Windholz, 1976). Apparently, the metaphos­
phoric acid produced upon heating in combination with Sn is the reagent 
responsible for the reduction of certain organic and inorganic S to H^S. 
Tests showed that phosphoric acid (85%), NF/FCC (Fisher Scientific Co., 
N.J.), used with Sn does not give quantitative results. Other tests 
showed that Sn metal can be substituted for SnCl^-ZH^O provided ACS 
certified phosphoric acid (85%) is used. However, because Sn metal is 
much more expensive than SnClg-ZHgO, the Sn compound was used in the 
method developed. 
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Table 5. Precision of the Sn-phosphoric acid method 
Soil Extractant 
Sulfate-S 
Range Mean SD CV 
-mg kg ^ soil-
Hayden A 
B 
2.0-2.1 
2.1-2.2 
2.1 
2.1 
0.04 
0.04 
1.9 
1.9 
Downs A 
B 
5.6-6.2 
5.6-6.1 
6.1 
5.7 
0.25 
0.25 
4.1 
4.4 
Tama A 
B 
9.3-10.6 
9.5-10.3 
9.9 
10.2 
0.48 
0.54 
4.8 
5.3 
Maipo A 
B 
52.5-54.7 
51.9-54.0 
53.8 
52.8 
0.95 
1.00 
1.8 
1.9 
^Results of 6 analyses of each soil extract. SD = standard 
deviation. 
"^A, 0.1 M LiCl; B, 500 mg P l"^ as CafHgPO^jg. 
'^CV = coefficient of variation. 
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PART II. REDUCTION OF ORGANIC SULFUR IN SOILS WITH 
TIN AND PHOSPHORIC ACID 
50 
INTRODUCTION 
The major part of the total S in surface soils in humid and semi-
humid regions occurs in the organic fraction; however, little is Known 
about the nature of these organic compounds in soils. Organic S 
sources generally become available to plants through mineralization 
to SO^ . 
4 
To evaluate the need for S fertilization and to assess the S-
supplying power of the soils, it is necessary to consider the status of 
the organic S present, including the nature, amounts, and distribution of 
S compounds in soils. While some progress has been made in recent years 
on characterization of organic S in soils, much work is still needed to 
fully identify the S compounds or forms of S in soil organic matter. 
In Part I, a rapid and precise method for determination of micro­
gram amount of SO^-S in soil extracts was developed. This method was 
shown not to be specific for SO^-S and that a large number of organic 
S compounds were completely or partially reduced. Therefore, the objec­
tives of this part of the work were; (1) to evaluate the use of Sn 
and HgPO^ reported in Part I in reducing organic S (at different diges­
tion times) in Iowa and Chilean soils and in selected Iowa soil pro­
files; and(2) to assess the amount of potential reducible organic S in 
soils with Sn and H^PO^. 
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DESCRIPTION OF METHODS 
The soils used in this part of the study were those described 
previously in Table 2, Part I. In addition, five Iowa soil profiles, 
namely, Edina, Clarion, Clarinda, Keswick, and Adair, were also in­
cluded. All analyses were performed on <80-mesh soil samples and re­
ported on a moisture-free basis, moisture being determined from loss 
in weight after drying at 105°C for 48 h. 
Reagents for the reduction of organic S in soils with Sn and 
HgPO^ were prepared as described in Part I. In the procedure developed, 
a sample of finely ground soil (<80 mesh, usually 0.1-0.2 g) was placed 
in a dry distillation flask, and by a rapid delivery pipette, 4 ml of 
Sn and H^PO^ mixture was added and proceeded with reduction of the or­
ganic S and inorganic SO^-S to H^S at 30 and 60 min digestion intervals 
for 10 h as described in Part I. For comparison, Sn-HCl reducible 
organic S was determined as described by Melville et al. (1971). The 
2 -
total S, SO^ -S, and the Hl-reducible and C-bonded S fractions were 
determined by the methods described by Tabatabai (1982). Organic C 
was determined by the Mebius (1960) method. 
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RESULTS AND DISCUSSION 
The amounts of S reduced with Sn and H^PO^ in 1 h of distillation 
ranged from 35 to 194 rag kg The corresponding values for the 
Chilean soils ranged from 24 to 403 mg kg ^ (Table 6). Increasing 
the distillation time resulted in increases in the reduction or or­
ganic S by this reagent. Figures 3 to 6 show results obtained for the 
reduction of organic S in the Iowa and Chilean surface soils studied. 
In general, most of the reduction occurred after distillation for 1 to 
3 h, but some soils continued to release H^S upon distillation with 
this reagent (see Figs. 4-6). The difference in behavior of the or­
ganic S in reduction to H^S with Sn and H^PO^ in the 20 soils studied 
reflects the difference in the chemical nature of S in these soils. 
As was shown in Table 4 in Part I, this reagent reduces a variety of 
organic and inorganic S compounds. Unlike HI, which is known to break 
the C-O-S bond in soil organic matter, in addition to reducing S in this 
type of bond, Sn and H^PO^ mixture reduces a variety of other organic S 
(i.e., C-S in cysteine, C-S-S-C in cystine, C=S in thioacetamide, and 
C=S in thiourea). It is well known that soil organic matter contains 
amides (Sowden, 1958), and it appears that some of this amide fraction 
contains S. The soils contained significant amounts of C-bonded S, 
and a large portion of the total S was not identified (Table 6). 
Increasing the distillation time for 1 h to 10 h significantly 
increased the amount of organic S reduced with Sn and H^PO^ (Table 6). 
The amounts of S reduced with this reagent were in the same order of 
magnitude as those reduced with HI, but were markedly greater 
Table 6. Total S, organic C, and distribution of various forms of S in Iowa and Chilean soils 
Soil Org. Total Inorg. Reducible S Ester C-bonded Organic S 
series C S Sn-H^PO^ Sn-HCl HI S Unid.^ Total® 
% 
Iowa soils 
mg 
Ida 0.6 140 2 90 (127) 14.9 90 88 11 39 138 
Hayden 0.8 128 2 64 (93) 6.7 58 56 48 22 126 
Downs 1.0 196 8 65 (130) 7.3 103 95 24 69 188 
Luther 1.3 125 3 35 (67) 8.2 74 71 17 34 122 
Fayette 1.5 226 5 83 (135) 5.7 108 103 27 91 221 
Tama 2.2 240 8 56 (114) 7.7 169 161 41 30 232 
Lester 3.4 401 4 63 (169) 10.9 153 149 47 201 397 
Clarion 3.4 319 3 95 (151) 12.0 210 207 26 83 316 
Muscatine 3.6 347 3 99 (222) 34.5 200 197 40 107 344 
Nicollet 3.7 390 3 189 (267) 13.4 193 190 20 177 387 
Harps 4.0 470 4 194 (259) 17.4 316 312 39 115 466 
Okoboj i 4.3 437 5 143 (270) 14.5 242 237 61 134 432 
Canisteo 4.4 478 5 164 (282) 18.8 283 278 47 148 473 
Chilean soils 
Alhue 1.4 358 7 264 (357) 141.9 305 298 31 22 351 
Constitucion 1.6 159 5 24 (49) 1.3 55 50 33 71 154 
Maipo 2.0 1692 70 403(1389) 132.7 1285 1215 35 372 1622 
Agua del Gato 2.8 626 141 227 (359) 29.5 442 301 66 118 485 
Collipulli 3.4 366 3 127 (225) 7.1 254 251 28 84 363 
Santa Barbara 8.4 648 12 83 (241) 17.8 263 251 80 305 636 
Osorno 8.4 894 7 75 (319) 20.2 495 488 107 292 887 
^Inorganic S extracted with 500 mg P ] — 1 L as Ca(H„P0^)^ determined by reduction with HI. 
Distilled for 1 h. Figures in parentheses are values obtained for distillation time of IQ h. 
"^Ester S was calculated from Hl-reducible S-CaCH^PO^)^-extractable SO^-S. 
^Unidentified organic S was calculated from total S-(HI-reducible + C-bonded)-S. 
e 
Total organic S was calculated from total S-Ca{H„PO^)„-extractable SO -S. 
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Figure 3. Effect of distillation time on the reduction of organic S 
with Sn and H^PO^ in five Iowa surface soils (Ida, Hayden, 
Downs, and Fayette) 
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Figure 4. Effect of distillation time on the reduction of organic S 
with Sn and H3PO4 in five Iowa surface soils (Nicollet, 
Lester, Clarion, Muscatine, and Tama) 
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Figure 5. Effect of distillation time on the reduction of organic S 
with Sn and H3PO4 in three Iowa (Canisteo, Harps, and 
Okoboji) and two Chilean (Constitucion and Santa Barbara) 
surface soils 
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Figure 6. Effect of distillation time on the reduction of organic S 
with Su and HgPO^ in five Chilean surface soils (Alhue, 
Maipo, Osorno, Collipulli, and Agua del Gato) 
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than those obtained with Sn and HCl. Expressed as percentages of total 
organic S in Iowa surface soils, the amounts of Sn and H^PO^ reducible 
S ranged from 15 to 64% (avg = 35%) after 1 h distillation, and from 
42 to 91% (avg = 60%) after 10 h distillation (Table 7). The correspond­
ing percentages for the Sn and HCl reducible S ranged from 3 to 11% 
(avg = 5%) and those for HI reducible S ranged from 38 to 69% (avg = 56%). 
The Hï-reducible fraction was mainly present as ester S (Table 6). 
The Sn and H^PO^ reducible organic S in the Chilean surface soils 
ranged from 8 to 73% (avg = 25%) after 1 h distillation, and from 29 to 
100% (avg = 55%) after 10 h distillation (Table 7). The corresponding 
percentages for the Sn and HCl reducible S ranged from 1 to 40% (avg = 
9%), and those for Hl-reducible S ranged from 39 to 85% (avg = 60%). As 
was the case in Iowa surface soils, the Hl-reducible S in the Chilean 
surface soils was present mainly as ester S (Table 6). From the results 
obtained for Sn and H^PO^ reducible S as compared with those obtained for 
Hl-reducible S, it appears that Sn and H^PO^ reduce the ester S and a 
portion of all the C-bonded and unidentified fractions. This is clearly 
evident from the percentage of organic S reduced to H^S by Sn and H^PO^ 
in Ida and Alhue soils. After 10 h of distillation, 91 and 100% of the 
total organic S was reduced in Ida and Alhue soils, respectively. 
Statistical analysis showed that the Sn and H^PO^ was significantly 
correlated with organic S (r = 0.71*** for 1 h distillation and r = 
0.88** for 10 h distillation). Similarly, Sn and HCl and Hl-reducible 
S were significantly correlated with organic S (r = 0.60** and 0.96***, 
respectively). The Sn and H^PO^ reducible S was significantly correlated 
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Table 7. Percentage of organic S reduced with Sn-H^PO^, Sn-HCl, or 
HI in Iowa and Chilean surface soils 
Percentage of organic S reduced 
with reagent specified 
Soil Sn-HgPOj^ Sn-HCl HI 
% 
Iowa soils 
Ida 64 (91) 11 64 
Hayden 49 (72) 5 44 
Downs 30 (65) 4 51 
Luther .26 (52) 7 58 
Fayette 35 (59) 3 47 
Tama 21 (46) 3 69 
Lester 15 (42) 3 38 
Clarion 29 (47) 4 66 
Muscatine 28 (64) 10 57 
Nicollet 48 (68) 3 49 
Harps 41 (55) 4 67 
Okoboji 32 (61) 3 55 
Canisteo 34 (59) 4 59 
Average 35 (60) 5 56 
Chilean soils 
Alhue 73(100) 40 85 
Constitucion 12 (29) 1 32 
Maipo 21 (81) 8 75 
Agua del Gato 18 (45) 6 62 
Collipulli 34 (61) 2 69 
Santa Barbara 11 (36) 3 39 
Osorno 8 (35) 2 55 
Average 25 (55) 9 60 
^Distilled for 1 h. Figures in parentheses indicate values ob­
tained for distillation time of 10 h. 
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with Sn and HCl reducible (r = 0.81***) and with Hl-reducible S 
(r = 0.82***). 
Application of the Sn and H^PO^ reagent to reduction of S in 
samples of five Iowa soil profiles showed that the values obtained 
were similar, lower, or greater than those obtained for Hl-reducible S 
(Table 8). The soil profiles contained significant amounts of inorganic 
SO^-S, especially the Keswick and Adair soil profiles (Table 8). Both 
the Sn and H^PO^ and HI reagents reduce inorganic SO^-S; therefore, a 
significant portion of the S reduced with these reagents was present as 
SO^-S. However, the amount of S reduced in those profiles with Sn and 
HgPO^ was markedly higher than that reduced with Sn and HCl. The 
samples of the soil profiles studied contained very little C-bonded S, 
especially the subsurface samples (Table 8). The amount of Sn and 
HgPO^ reducible S often exceeded that of some of Hl-reducible and C-
bonded S in the soil profile sample, suggesting that the Sn and H^PO^ 
reagent reduces S from the previously unidentified organic S fraction. 
The effect of distillation time on the reduction of organic S by 
the Sn and K^PO^ reagent in five Iowa soil profiles is shown in Figures 
7 to 11. The time required to reduce all the potentially reducible S 
varied with the soil profile and sample depth within a profile. The 
samples of Edina soil profiles required about 5 h to reduce the poten­
tially reducible S (Fig. 7), whereas samples of the Clarion and 
Clarinda soil profiles required 3 to 10 h, depending on sample depth 
(Figs. 8 and 9). 
Expressed as a percentage of organic S, the amounts of Sn and 
Table 8. Total S, organic C, and distribution of various forms of S in Iowa soil profiles 
Soil 
series Depth 
Org. 
C 
Total 
S 
Inorq. 
Reducible S 
Ester C-bonded 
S 
Organic S 
Sn-HCl HI Unid.d Total® 
cm % kg~^ mg 
Edina 0-25 1.6 201 9 76 (98) 8 89 80 12 100 192 
25-40 0.9 122 4 58 (64) 3 55 51 3 64 118 
40-60 1.0 124 12 74 (94) 4 74 62 5 45 112 
60-70 0.6 118 15 39 (54) 3 79 64 4 35 103 
70-95 0.1 101 10 57 (63) 3 60 50 2 39 91 
Clarion 0-30 1.7 260 15 15 (68) 8 154 139 11 95 245 
30-45 1.4 199 8 58(135) 4 115 107 8 76 191 
45-60 0.8 143 11 17 (63) 4 103 92 4 36 132 
60-90 0.5 77 5 30 (46) 3 58 53 3 16 72 
90-105 0.4 72 5 27 (65) 6 50 45 1 21 67 
> 105 0.3 72 6 43 (71) 7 40 34 1 31 66 
Clarinda 0-20 2.4 310 11 50 (80) 9 153 142 20 137 299 
20-28 1.0 140 9 57 (73) 4 77 68 8 55 131 
28-32 0.9 116 8 30 (63) 4 64 56 4 48 108 
32-48 0.7 84 10 25 (31) 2 66 56 2 16 74 
48-64 0.4 58 4 19 (43) 3 34 30 3 21 54 
64-90 0.2 52 15 34 (37) 1 30 15 1 21 37 
Keswick 0-14 2.5 281 21 66(139) 18 126 105 25 130 260 
14-20 1.6 218 34 61(105) 4 122 88 12 84 184 
20-30 1.1 177 42 51 (75) 3 120 78 9 48 135 
30-45 0.8 100 38 81 (99) 3 79 41 6 15 62 
45-60 0.6 126 25 26 (38) 4 75 50 6 45 101 
60-70 0.5 207 27 147(200) 3 170 143 4 33 180 
70-85 0.5 168 52 61(106) 
85-105 0.4 94 32 36 (46) 
L05-130 0.3 84 43 55 (83) 
0-10 2.6 319 45 40 (95) 
10-20 1.2 195 48 61 (78) 
20-30 0.9 157 43 86(141) 
30-45 0.9 113 32 42 (73) 
45-60 0.5 91 23 28 (40) 
50-75 0.4 80 29 29 (42) 
75-90 0-1 82 21 39 (66) 
90-105 0.1 53 14 7 (23) 
a,b,c,d,eg^^ footnotes of Table 6. 
2 132 80 5 31 116 
2 64 32 1 29 62 
5 61 18 0-4 23 41 
14 139 94 31 149 274 
4 107 59 9 79 147 
3 94 51 9 54 114 
3 73 41 5 35 81 
2 53 30 2 36 68 
2 55 26 2 23 51 
1 62 41 1 19 61 
3 32 18 1 20 39 
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Figure 7. Effect of distillation time on the reduction of organic 
S with Sn and H3PO4 in Edina soil profile at different 
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Figure 8. Effect of distillation time on the reduction of organic S 
with Sn and H3PO4 in Clarion soil profile at different 
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Figure 10. Effect of distillation time on the reduction of organic S 
with Sn and H3PO4 in Keswick soil profile at different 
depths 
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Figure 11. Effect of distillation time on the reduction of organic S 
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HgPO^ reducible S in the soil profiles are reported in Table 9. In 
general, the percentages of Sn and H^PO^ reducible in 1 h distillation 
varied considerably within depth in the profile and were markedly dif­
ferent from those obtained for 10 h distillation. In several samples 
deep in the profile, the percentage of organic S reduced with Sn and 
HgPO^ approached 100%, suggesting that this reagent reduces S in the 
previously unidentified fraction (Table 9). The percentages of organic S 
reducible with Sn and HCl were much lower than those obtained with Sn 
and HgPO^. The percentages of organic S reducible with HI were much 
more uniform than those reduced with Sn and H^PO^, supporting the previ­
ous conclusion that, in addition to inorganic SO^-S, the Sn and H^PO^ re­
agent reduces ester sulfates (the same as that reduced with Hi) and a 
large portion of the previously unidentified S fraction in soils. The 
possibility that this previously unidentified S fraction contains S-
containing amides deserves further studies, because this form of S is 
completely reduced with Sn and H^PO^ but not with HI. If this form of S 
is present in soil, it would be counted as unidentified fraction in the 
current analytical scheme available for fraction of S in soils. 
To calculate the amounts of organic S in surface soils poten­
tially reducible with Sn and H^PO^ (S^), two equations were used: an 
exponential equation and a reciprocal plot technique. The first equa­
tion is; 
= S^ [l-exp(-kt)] 
where S^ = amount of S hydrolyzed with Sn and H^PO^ at specific time 
(t) and k is the rate constant. 
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Table 9. Percentage of organic S reduced with Sn-HgPO^, Sn-HCl, or 
HI in Iowa soil profiles 
Soil 
profile Depth 
Percentage of organic S reduced with 
reagent specified 
Sn-HgPO^ Sn-HCl HI 
cm 
Edina 
Clarion 
Clarinda 
Keswick 
Adair 
0-25 35 (46) 4 42 
25-40 46 (51) 3 43 
40-60 55 (73) 4 55 
60-70 23 (38) 3 62 
70-95 52 (58) 3 55 
0-30 0 (22) 3 57 
30-45 26 (66) 2 56 
45-60 5 (39) 3 70 
60-90 35 (57) 4 74 
90-105 33 (90) 9 67 
> 105 56 (98) 11 52 
0-20 13 (23) 3 47 
20-28 37 (49) 3 52 
28-32 20 (51) 4 52 
32-48 20 (28) 3 76 
48-64 28 (72) 6 56 
64-90 51 (59) 3 41 
0-14 15 (45) 7 40 
14-20 15 (39) 2 48 
20-30 7 (24) 2 58 
30-45 69 (98) 5 66 
45-60 1 (13) 4 50 
60-70 67 (96) 2 79 
70-85 8 (47) 2 69 
85-105 6 (23) 3 52 
105-130 29 (98) 12 44 
0-10 0 (18) 5 34 
10-20 9 (20) 3 40 
20-30 33 (86) 3 45 
30-45 12 (55) 4 51 
45-60 37 (25) 3 44 
60-75 0 (25) 4 51 
75-90 30 (74) 2 67 
90-105 0 (23) 8 46 
Distilled for 1 h. Figures in parentheses indicate values ob­
tained for distillation time of 10 h. 
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The second equation is; 
S S 
c 
where = cumulative S reduced with Sn and H^PO^ at time (t) and 
is a constant (K^ = the time required to reduce 50% of S^). When the 
results are plotted 1/S^ vs 1/t, the intercept = 1/S^ and the slope = 
«t/Sr-
The results obtained by using the above plot techniques for the Sn 
and HgPO^ reducible organic S in the surface soils studied (plotted in 
Fig. 3-6) are reported in Table 10. By using the exponential equation, 
the values for Iowa surface soils ranged from 80 to 262 mg S kg ^ 
(avg = 161 mg kg ^, and the values obtained by using the reciprocal 
plot technique ranged from 58 to 316 mg S kg ^ (avg = 179 rag S kg ^). 
The corresponding Sj. values for the Chilean surface soils ranged from 
42 to 1324 mg S kg ^ (avg = 394 mg S kg and from 51 to 1350 mg S 
kg~^ (avg = 459 mg S kg ^), respectively. Expressed as percentages of 
organic S in Iowa surface soils, the potentially Sn and H^PO^ reducible 
S calculated by using the exponential equation ranged from 36 to 81% 
(avg = 56%), and those obtained by the reciprocal plot technique ranged 
from 35 to 86% (avg = 61%). The corresponding percentages for the 
Chilean surface soils ranged from 27 to 95% (avg = 56%) and from 33 to 
100% (avg = 66%), respectively (Table 10). In general, the percentages 
of Sn and H^PO^ reducible organic S obtained by the two equations were 
similar. 
The values of the rate constants of the exponential equation applied 
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Table 10. The amounts of organic S potentially reducible with Sn 
and H3PO4 calculated by using the exponential and re­
ciprocal plot techniques 
Organic S Exponential equation^ Reciprocal plot^ 
Soil mg kg"l soil k 
Iowa soils 
Ida 138 112 (81) 1.70 118 (86) 0.28 
Hayden 126 80 (63) 1.62 84 (67) 0.29 
Downs 188 117 (62) 0.65 132 (70) 1.14 
Luther 122 59 (48) 0.58 58 (48) 0.70 
Fayette 221 122 (55) 0.91 125 (57) 0.47 
Tama 232 100 (43) 0.56 124 (53) , 1.72 
Lester 397 143 (36) 0.39 139 (35) 1.10 
Clarion 315 136 (43) 1.09 146 (46) 0.51 
Muscatine 344 210 (61) 0.52 227 (66) 1.23 
Nicollet 387 251 (65) 1.20 281 (73) 0.64 
Harps 466 243 (52) 1.60 257 (55) 0.34 
Okoboj i 432 256 (59) 0.74 316 (73) 1.39 
Canisteo 473 262 (55) 0.88 316 (67) 1.12 
Average 296 161 (56) 0.96 179 (61) 0.84 
Chilean soils 
Alhue 351 334 (95) 1.56 350( 100) 0.38 
Constitucion • 154 42 (27) 0.45 51 (33) 1.99 
Maipo 1622 1324 (82) 0.54 1350 (83) 1.84 
Aqua del Gato 485 208 (43) 0.43 230 (47) 1.59 
Collipulli 363 209 (58) 0.77 274 (75) 1.63 
Santa Barbara 636 245 (39) 0.26 342 (54) 4.57 
Osorno 887 397 (45) 0.15 616 (69) 9.23 
Average 643 394 ( 5 6 )  0.59 459 ( 66 ) 3.03 
^The values plotted in Figures 3-6 were used in these calculations. 
, amount (mg S kg of potentially reducible organic S with Sn 
and H3PO4; k, rate constant. Figures in parentheses are the potential­
ly reducible organic S as percentage of total organic S. 
C *"1 
Sj-f amount (mg S kg ) of potentially reducible organic S with Sn 
and HgPO^; digestion time required (h) to reduce 50% of potentially 
reducible organic S with Sn and H3PO4. Figures in parentheses are the 
potentially reducible organic S expressed as percentages of total or­
ganic S. 
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to the Sn and H^PO^ reducible organic S in Iowa surface soils ranged 
from 0.39 to 1.70 (avg = 0.96), and for the Chilean surface soils, 
they ranged from 0.15 to 1.56 (avg = 0.59). The time required to 
distill 50% of the Sn and H^PO^ reducible organic S calculated by using 
the reciprocal plot technique ranged from 0.28 to 1.72 h (avg = 0.84 h) 
for the Iowa surface soils, and from 0.38 to 9.23 h (avg = 3.03 h) for 
the Chilean surface soils (Table 10). 
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PART III. RATES OF SULFUR MINERALIZATION AND SULFUR MINERALIZATION 
POTENTIAL OF SOILS 
74 
INTRODUCTION 
It is generally accepted that plants assimilate S almost entirely 
2 -
in the SO^ form; however, more than 95% of the. total S in soils is 
organic in nature. Therefore, S mineralization rates and S mineraliza­
tion potential (S^) are essential parameters in predicting plant nu­
trition needs and the amount of S fertilizer needed for optimum plant 
yield. 
Mineralization of S in soils is mainly biological in nature, and the 
amount of S mineralized in soils In a given time depends on soil chemical 
and physical properties. Some of the factors that may Influence S min­
eralization in soils are: soil pH, temperature, and moisture. Compared 
with the number of studies that have been conducted with N, limited 
information is available on mineralization of S in soils. Most of the 
information available in the literature on S mineralization has been 
obtained from short-term incubations. Information on the effect of 
long-term incubation is needed because, if properly conducted, long-
term incubation and leaching procedures should simulate S mineralization 
occurring under field conditions. 
Several mathematical relationships between the amount of S min­
eralized and time of incubation can be derived. The first-order equa­
tion, log(Sg - S^) = log S^ - kt/2.303, proposed by Stanford and 
Smith (1972) proposed to describe N mineralization, perhaps can be 
used to describe S mineralization. In this equation, S denotes the 
m 
cumulative amount of S mineralized during a specific period of Incubation 
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time, t, K is the rate constant, and S is sulfur mineralization 
o 
potential. 
In addition to the soil-column leaching technique proposed by 
Stanford and Smith (1972) for mineralization of N to be used with the 
mathematical equation described above, S mineralization can be obtained 
from plant uptake of S, through successive cropping periods. Therefore, 
the objectives of this part of the work were: (1) to assess the poten­
tial mineralizable S and S mineralization rates in selected Iowa and 
Chilean surface soils, and to compare the values obtained for soils 
incubated in leaching columns with those obtained with plant uptake; 
(2) to compare the values obtained for the above parameters by the 
first-order equation proposed by Stanford and Smith (1972) with those 
obtained by a reciprocal plot technique; and (3) to study the relation­
ships between the values obtained for the above parameters with leaching 
columns with those obtained by using the S yields of three croppings 
each of corn and soybeans and four cuttings of ryegrass described in 
Part IV. 
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DESCRIPTIONS OF METHODS 
The soils used in this part of the study were those reported in 
Table 2, Part I. 
Estimation of S and Mineralization Rates 
o 
Leaching columns 
The procedure used in the determination of mineralization rates 
in soils is described in detail by Tabatabai and Al-Khafaji (1980). In 
this method, 20 g of field-moist soil (on an oven-dry basis) and an 
equal weight of glass beads (350-370 p,m in diameter) were mixed thoroughly 
and transferred into a leaching column. The leaching column was leached 
with 100 ml of 5 mM CaClg to remove the initial SO^-S, and incubated at 
20 or 30°C after the excess solution was removed under suction (60 cm Hg). 
The soil-glass beads mixture was leached every 2 weeks for a total of 
14 weeks. The amount of SO^-S produced was determined by ion chroma­
tography, as described by Dick and Tabatabai (1979). 
Sulfur yield of corn, soybeans, and ryegass 
The S yields of the three croppings of corn and soybeans (tops + 
roots) and four cuttings of ryegrass obtained in Part IV were used to 
calculate the S values. 
o 
Tests indicated that 5 corn, 4 soybean seeds, and 1 g of ryegrass 
(planted per pot, see Part IV) contained 1.77, 1.67, and 2.28 mg of S, 
respectively (Table 11). In order to find the distribution of this S in 
corn, soybean, and ryegrass plants, corn, soybean, and ryegrass seeds 
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Table 11. Distribution of S in seeds of corn,soybean, and ryegrass 
in tops and roots of 10-day old plants produced 
S yield (mg) 
Remaining Total S 
Crop^ Tops Roots seeds recovery 
Corn 0.45 0.40 0.52 1.37 
(25.4) (22.6) (29.4) (77.4) 
Soybean 1.44 0.21 1.62 
(68.3) (12.6) 
-
(97.0) 
Ryegrass 1.14 0.16 0.59 1.89 
(50.5) ( 7.0) (25.9) (82.9) 
^Five corn or 4 soybean or 1 g ryegrass seeds. 
Figures in parentheses indicate percentage S recovered. 
were germinated in washed glass-beads (350-710 in diameter) and the 
tops, roots, and remaining seeds were harvested 10 days after 
counting the number of seedlings. The harvested materials were dried 
at 65°C for 48 h, weighed, and ground to pass 40-mesh sieve. The 
materials were analyzed for total S (NaOBr oxidation) as described by 
Tabatabai (1982). 
The amount of S in tops + roots of corn and soybeans derived from the 
seeds were subtracted from the yield for each cropping. 
The S contents of tops of ryegrass were not subtracted from the 
yield of this crop because the seed-derived S contributed s to the 
first cutting only, and that subtraction of the seed-derived S from the 
S yield of the first cutting resulted in unrealistic values (-S yields 
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for the first cutting of ryegrass grown on some soils). The S in the 
seeds perhaps was that in the roots, which were not harvested. 
Equations used to calculate 
In the calculation of S , two equations were used: an exponential 
o 
equation and a reciprocal plot technique. The first equation is: 
S = S [1 - exp(-kt) ] 
m o 
where = amount of S mineralized at a specific time (t) and K is the 
first-rate constant. 
The second equation is; 
_ 1_ 4. ill 1 
S ~ S St 
C o o  
where = cumulative S mineralized at time (t) and is a constant 
(K^ = the time required to mineralize 50% of S^). when the results are 
plotted 1/S^ vs 1/t, the intercept on the y axis = l/S^ and the slope = 
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RESULTS AND DISCUSSION 
The analyses reported in Table 2 indicates that the Iowa and 
Chilean surface soils used represented a wide range of pH, organic C, 
total N/ organic and inorganic P, organic and inorganic S, CEC, ex­
changeable bases/ clay and sand. The organic S ranged from 138 to 473 
mg kg ^ soil in the Iowa soils and from 351 to 1633 mg kg"^soil in the 
Chilean soils. 
Effects of Temperature and Soil Properties on S 
Mineralization Rates in Soils 
Limited information is available on the S mineralization by the 
incubation technique described. The types of relationships between 
cumulative S mineralized in soils incubated in leaching columns at 
20 or 30°C and time of incubation are shown in Figures 12 and 13. This 
relationship was linear for some soils (Fig. 12) and slightly curvilinear 
for others (Fig. 13). Significantly higher amounts of S were mineralized 
at 30°C than at 20°C in each of the soils studied. The parameters and 
r values of linear relationships between cumulative S mineralized in 
soils at 20 or 30°C and incubation time are shown in Table 12. The 
slope values reported in Table 12 show that the rates of S mineraliza­
tion in Iowa soils at 20 and 30°C range from 0.25 to 1.27 mg kg ^ week"^ 
and from 0.74 to 2.89 mg kg ^ week respectively. The rates of S min­
eralization in the Iowa soils are within the ranges reported by Tabatabai 
and Al-Khafaji (1980) for 12 other Iowa soil samples. The rates of S 
mineralization in the Chilean soils ranged from 0.48 to 1.00 mg kg"^ 
Figure 12. Relationship between cumulative S mineralized in three Iowa field-moist soils 
incubated in leaching columns at 20 or 30°C and time of incubation; the mineral 
S produced was removed by leaching with 5 mM CaCl every 2 weeks for a total of 
14 weeks 
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Figure 13- Relationship between cumulative S mineralized in two Iowa and one Chilean field-
moist soils incubated in leaching columns at 20 or 30°C and time of incubation; 
the mineral S produced was removed by leaching with 5 mM CaCl every 2 weeks for 
a total of 14 weeks 
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Table 12. Parameters and correlation coefficients (r) of linear re­
lationships between cumulative S mineralized in soils 
(rag kg~^ soil), Y, at 20 or 30°C and incubation time 
(weeks), X 
Parameters and correlation coefficient of linear 
relationship at temperature indicated 
20°c 30°C 
Soil Intercept Slope r Intercept Slope r 
Iowa soils 
Ida 1.97 0.26 0.970*** 0.14 0.74 0.993*** 
Hayden 1.86 0.53 0.991*** 0.13 0.92 0.986*** 
Downs 3.74 0.62 0.995*** 5.21 1.33 0.984*** 
Luther 1.33 0.55 0.985*** -0.69 1.08 0.987*** 
Fayette 0.87 0.47 0.986*** 1.24 1.06 0.993*** 
Tama 5.81 1.27 0.963*** 0.97 2.89 0.997*** 
Lester 1.21 0.56 0.994*** -1.56 1.52 0.989*** 
Clarion 0.79 0.37 0.993*** -2.13 1.64 0.993*** 
Muscatine 1.89 0.59 0.997*** 0.05 1.24 0.998*** 
Nicollet 0.87 0.75 0.980*** -1.06 1.87 0.998*** 
Harps 2.12 0.25 0.981*** 0.76 0.77 0.992*** 
Okoboj i 1.22 0.62 0.999*** -0.20 1.46 0.987*** 
Canisteo 1.81 0.45 0.993*** -0.41 0.82 1.000*** 
Chilean soils 
Alhue 2.12 0.48 0.983*** 1.69 0.82 0.994*** 
Constitucion 3.82 0.54 0.985*** 6.87 0.91 0.955*** 
Maipo 6.13 0.64 0.995*** 5.59 1.23 0.994*** 
Agua del Gato 13.50 1.00 0.844*** 20.63 2.09 0.952*** 
Collipulli 1.19 0.56 0.994*** -1.85 1.76 0.999*** 
Santa Barbara 2.74 0.83 0.997*** -2.09 1.63 0.995*** 
Osorno 0.66 0.50 0.987*** —0.84 1.11 0.999*** 
***Significant at P < 0.001. 
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week ^ and from 0.82 to 2.09 mg kg ^ week ^ at 20 and 30°C, respectively. 
The amounts of S mineralized, 0^^, and percentages of organic S min­
eralized in the soils incubated at 20 or 30°C for 14 weeks are reported 
in Table 13. The amount of S mineralized in the Iowa surface soils in-
o -1 
cubated for 14 weeks at 20 and 30 C ranged from 5.3 to 22.6 mg kg 
soil and from 10.1 to 40.2 mg kg ^ soil, respectively. The corresponding 
values for the Chilean soils ranged from 7.8 to 26.8 mg kg ^ soil and 
from 13.0 to 47.1 mg kg ^ soil. Expressed as percentages of organic S in 
soils, the amounts of S mineralized in the Iowa soils in 14 weeks at 20 
and 30°C ranged from 1.2 to 9.8% and 2.4 to 17.5%, respectively. The 
corresponding values for the Chilean soils ranged from 0.9 to 7.2% and 
from 1.4 to 12.1%. The results for Iowa soils are within the ranges 
reported by Tabatabai and Al-Khafaji (1980) for other Iowa surface soils. 
To determine the effect of temperature on S mineralization, the 
ratios of the percentage of organic S mineralized at 30°C to that min­
eralized at 20°C was calculated. Table 13 shows that the ratios ranged 
from 1.3 to 5.2 for the Iowa soils and from 1.5 to 2.6 for the Chilean 
soils. 
The values calculated from the ratio of the slope of the linear 
regression equation obtained for the results of S mineralization vs time 
at 30°C to that of S mineralized at 20°C ranged from 1.7 to 4.4 for the 
Iowa surface soils and from 1.7 to 3.1 for the Chilean surface soils 
(Table 13). In general, the values were somewhat higher than the 
ratio values obtained for S mineralization in 14 weeks at 30 and 20°C. 
Statistical analysis showed that the cumulative S mineralized in 14 
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Table 13. Amounts and percentages of organic S mineralized in soils 
incubated at 20 or 30°C for 14 weeks 
Percentage of 
Amount of S organic S 
mineralized at minera lized at 
Soils O
 O
 
O
 
w
 
o
 
o
 
Q
 
20°C 30°C Ratio^ 
mg S kg ^ soil 
Iowa soils 
Ida 5.3 10.1 3.8 7.3 1.9 2.8 
Hayden 9.1 -12.2 7.2 9.7 1.3 1.7 
Downs 12.4 23.0 6.6 12.2 1.8 2.1 
Luther 9.0 14.2 7.4 11.6 1.6 2.0 
Fayette 7.4 15.8 3.3 7.1 2.2 2.3 
Tama 22.6 40.2 9.8 17.5 1.8 2.3 
Lester 9.2 19.5 2.3 4.9 2.1 2.7 
Clarion 6.1 21.3 1.9 6.7 3.5 4.4 
Muscatine 10.0 17.2 2.9 5.0 5.2 2.1 
Nicollet 11.9 25.0 3.1 6.4 2.1 2.5 
Harps 5.6 11.3 1.2 2.4 2.0 3.1 
Okoboji 9.9 19.9 2.3 4.6 2.0 2.4 
Canisteo 7.9 11.2 1.7 2.4 1.4 1.8 
Chilean soils 
Alhue 8.7 13.0 2.5 3.7 1.5 1.7 
Constitucion 11.1 18.6 7.2 12.1 1.7 1.7 
Maipo 15.1 22.2 0.9 1.4 1.6 1.9 
Agua del Gato 26.8 47.1 5.5 9.7 1.8 2.1 
Collipulli 9.0 23.1 2.5 6.4 2.6 3.1 
Santa Barbara 14.1 21.5 2.2 3.3 1.5 2.0 
Osorno 7.8 14.8 0.9 1.7 1.9 2.2 
^Ratio of percentage of organic S mineralized at 30°C to that 
mineralized at 20°C. 
Calculated from the ratio of the slope of linear regression equa­
tion obtained for the. results of S mineralized at 30°C to that of S min­
eralized at 20°C. 
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weeks at 20 and 30°C was not significantly correlated with organic C, 
pH, organic S, or cumulative N mineralized in 14 weeks (see Rojas, 
1986, for the cumulative N mineralized values obtained for these 
soils). However, when only the Iowa soils were considered, cumulative 
S mineralized at 30°C was significantly, but negatively, correlated 
(r = -0.67*) with soil pH. Cumulative S mineralized at 20°C in 14 
weeks (Fig. 14) was significantly correlated with cumulative N min­
eralized (linear model, r = 0.72**; quadratic model, r = 0.84**). Simi­
larly, cumulative S mineralized at 30°C was significantly correlated 
with cumulative N mineralized at this temperature (linear model, r = 
0.81***; quadratic model, r = 0.87***)' 
Estimation of S Mineralization Potential of Soils 
Sulfur mineralization potentials (S^) and the rate constants (k) 
of the soils calculated from S yield of plants and SO^-S mineralized 
in soil incubation at 20 or 30°C with successive leaching every 2 weeks 
for a total of 14 weeks are reported in Table 14. The values ob­
tained by using the reciprocal plot (plotting 1/S^ vs 1/t) are shown 
in Table 15. The values obtained by using S yields of the three 
croppings of corn and four cuttings of ryegrass grown in Iowa surface 
soils were in agreement and, in general, the results obtained by the 
exponential equation were similar to those calculated by using the 
reciprocal plot (Table 14). However, these values differ from the S 
o 
values calculated from S uptake by corn and ryegrass grown on the 
Chilean surface soils. The S^ values calculated by the reciprocal or 
Figure 14. Relationship between cumulative N and cumulative S mineralized in Iowa and Chilean 
soils incubated in leaching columns at 20 or 30°C; the mineral N and S produced was 
removed by leaching with 5 mM CaCl2 every 2 weeks for a total of 14 weeks; the linear 
and quadratic correlations are for the Iowa soils only 
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Table 14. Sulfur mineralization constants calculated from S yield of plants, and soil incubation at 
20 or 30°C with successive leaching up to 14 weeks^ 
Soil 
Corn^ Soybean Ryegrass 
Leaching columns at specified 
temperatureb 
20°C 3G°C 
S 
o 
k S 
o 
k S 
c 
k S 
o 
k S 
o 
k 
Iowa soils -
Ida 6 (7) 0.0172 18 (13) 0 .0026 5 (5) 0.0460 5 (7) 0.2089 37 (-) 0.0232 
Hayden 4 (4) 0.0200 4 (4) 0 .0069 3 (4) 0.0386 12(13) 0.1021 39 (-) 0.0279 
Downs 9(11) 0.0317 73 (87) 0 .0016 12 (21) 0.0194 13(15) 0.1616 28(31) 0.1151 
Luther 5 (5) 0.0232 21 (5) 0 .0013 4 (5) 0.0428 13(16) 0.0746 -  ( - )  -
Fayette 11(13) 0.0171 13 (14) 0 .0085 6 (6) 0.0431 14(11) 0.0595 36(43) 0.0405 
Tama 18(16) 0.0155 23 (32) 0 .0010 16 (22) 0.0253 25(48) 0.1468 160 (-) 0.0209 
Lester 8(10) 0.0200 13 (11) 0 .0041 5 (8) 0.0379 17(13) 0.0547 -  ( - )  -
Clarion 8(10) 0.0156 15 (12) 0 .0038 5 (5) 0.0404 12 (8) 0.0505 -  ( - )  -
Muscatine 11(12) 0.0109 - (22) - 5 (6) 0.0400 13(14) 0.0935 152 (-) 0.0086 
Nicollet 10(13) 0.0101 - (9) - 5 (6) 0.0344 44(19) 0.0216 -  ( - )  -
Harps 12(15) 0.0082 - (10) - 4 (4) 0.0383 5 (6) 0.2231 32(25) 0.0313 
Okoboj i 10(13) 0.0170 14 (14) 0 .0087 5 (7) 0.0219 19(15) 0.0530 —  (  — )  -
Canisteo 7 (9) 0.0151 11 (8) 0 .0038 5 (5) 0.0415 9(33) 0.1362 -  ( - )  
—  
Chilean soils 
Alhue 18(25) 0.0143 42 (36) 0 .0034 10 (13) 0.0268 10(12) 0.1273 21(27) 0.0666 
Constitucion 12(21) 0.0119 8 (4) 0 .0010 7 (9) 0.0348 11(14) 0.1903 19(25) 0.2076 
Maipo 58(87) 0.0097 
-
(255) 
- 38 (55) 0.0105 14(16) 0.2381 26(29) 0.1295 
Agua del Gato -  ( - )  
- -
(308) 
- 65(384) 0.0052 25(26) 0.3180 47(59) 0.2523 
Collipulli 10(16) 0.0129 8 (9) 0 .0081 7 (9) 
Santa Barbara 18(22) 0.0155 15 (29) 1 .7892 12 (17) 
Osorno 39(66) 0.0045 34 (43) 0 .0043 13 (18) 
0.0337 15(12) 0.0596 - (-) 
0.0298 19(20) 0.0963 - (-) 
0.0196 21(13) 0.0329 - (-) 
Sq» mineralizable S pool (mg S kg~^ soil); k , first order-rate constant (for corn, soybean, 
and ryegrass, days ^, leaching columns at 20 and 30°C, weeks"^). Calculated by using the exponen­
tial equation or the double reciprocal plot (figures in parentheses); - indicates that the conver­
gence of the nonlinear model did not occur using 50 iterations (application of the double reciprocal 
plot on the same data showed negative values for S ). 
o 
^Calculated from cumulative S mineralized in soils incubated in leaching columns at 20 or 30°C 
and leached with 5 mM CaClg every 2 weeks for a total of 14 weeks. 
"^By using S yield of corn and soybean tops + roots of three croppings and subtracting the S 
content in tops and roots of seedlings grown in glass-bead culture for 10 days. For ryegrass, the 
S yield of the four cuttings was used. The initial SO^~-S in the soil was not subtracted from the 
S yield of the first cropping of corn or soybean or the first cutting of ryegrass for calculation 
of SQ, because such subtraction resulted in either negative SQ values or the models did not fit 
the data. 
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Table 15. Sulfur mineralization rate constant (K^) calculated by using 
the double reciprocal plot for S yield of plants or results 
of soil incubation at 20 or 30°C and successive leaching up 
to 14 weeks^ 
Kt calculated from S 3 fields Kt at tempera-
of crop indicated ture indicated° 
Soils Corn Soybean Ryegrass 20°C 30°C 
y 
Iowa soils 
Ida 55 187 16 5 -
Hayden 45 62 23 8 -
Downs 25 701 97 5 7 
Luther 33 73 18 14 -
Fayette 55 86 16 11 27 
Tama 27 126 52 14 -
Lester 40 117 22 9 -
Clarion 60 134 19 8 -
Muscatine 82 332 20 9 -
Nicollet 109 138 26 14 -
Harps 123 186 21 4 20 
Okoboj i 63 76 67 10 -
Canisteo 66 112 19 36 -
Chilean soils 
Alhue 80 189 40 7 17 
Constitucion 139 71 25 5 5 
Maipo 142 959 125 3 6 
Agua del Gato - 1179 1293 2 4 
Collipulli 132 82 28 9 -
Santa Barbara 60 257 39 8 -
Osorno 357 244 68 14 
a,b,Cgee footnotes of Table 14. 
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exponential plot techniques for the Iowa surface soils by using the S 
yield of soybeans differed from the values calculated from the S yields 
of the other two crops. Also, the two equations used gave markedly 
different values for each of the Chilean soils. The results obtained 
for S yields or S mineralization for some soils did not obey the expo­
nential equation; convergence of the nonlinear model did not occur by 
using 50 iterations. Similarly, the results obtained from the leaching 
columns, especially at 30°C, did not obey the exponential or the re­
ciprocal model, and could not be calculated (Table 14). The S 
mineralization rate constant (k) calculated by using the S yields of 
corn, soybeans, ryegrass, and soil incubation varied considerably among 
the soils and method used (Table 14). The units for k were days ^ when 
S yields of crop were used and weeks ^ when the S mineralization in 
leaching columns was used. 
The values (the time required to hydrolyze 50% of S^) calculated 
by using the reciprocal plot varied considerably among the soils and 
method used (Table 15). 
Statistical analysis showed that the dry matter and S yields of corn 
and soybeans (tops + roots) and ryegrass (tops) were not significantly 
correlated with S calculated from the SO.-S mineralized in soils incu-
o 4 
bated at 20 or 30°C by using the exponential equation or the reciprocal 
plot technique. 
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PART IV. INDEXES OF PLANT AVAILABLE SULFUR IN SOILS 
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INTRODUCTION 
Numerous chemical and biological methods have been proposed for 
evaluating the S status of soil; however, assessment of plant-
available S in soils is complicated due to the fact that several 
sources besides soil itself contribute to plant needs. The use of 
chemical procedures in the extraction of a fraction of the total soil 
S that contains mineralizable S has been under investigation for more 
than two decades. Currently, some progress has been made; however, none 
of the proposed chemical methods has been accepted as a universal index. 
Although the determination of the S supply by chemical methods is 
empirical in nature, such methods can be adequately used if their results 
correlated with dry matter yield and S yield. The evaluation of a 
reliable chemical method to assess S availability is still needed. 
Unlike the biological methods, the chemical methods are simple, 
rapid, and, in general, not affected by sample handling and storage. 
Biological procedures that measure the amount of S mineralized in 
incubated soil samples have met little success, since only small quanti­
ties of S are released and its precise determination is difficult. Re­
cently, however, long-term incubation studies of soils in leaching columns 
resulted in the mineralization of significant amounts of the SO^-S. 
The objective of this part was to study the relationships between 
the available S as determined by chemical methods and biological methods 
and plant uptake of S in selected Iowa and Chilean surface soils. 
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DESCRIPTION OF METHODS 
The soils used in this study were those reported in Table 2. With 
the exception of total S, Hl-reducible S, and C-bonded S, which were 
done on < 100 mesh air-dried soil samples, all the analyses reported in 
Table 17 were done on field-moist soil samples (<2 mm). All incubations 
were carried out in duplicate. The analyses reported are averages of 
duplicate determinations, and, unless otherwise indicated, all the re­
sults reported are expressed on moisture-free basis, moisture being 
determined from loss in weight after drying at 105°C for 48 h. 
Reagents and Procedures 
Chemical indexes 
In the analyses of the S fractions not readily available for plant 
uptake, total S and the various S fractions were determined as described 
by Tabatabai (1982). 
To evaluate the readily soluble SO^-S, adsorbed SO^-S, and portions 
of organic S that are available for plant uptake, several extractants 
were studied. The extractants studied fall into the following groups; 
(a) readily soluble SO^-S (0.1 M LiCl and 0.15% CaCl^), (b) readily solu­
ble and portions of adsorbed SO^-S (500 mg P L ^ P as CafHgPO^jg.HgO), 
and (c) readily soluble and portions of adsorbed SO^-S and portions of 
organic S (0.5 M NaHCO^, pH 8.5). The reagents were prepared as follows: 
Lithium chloride (LiCl), 0.1 M 
Calcium chloride dihydrate (CaCl2•2H2O), 0.15% 
Calcium phosphate monohydrate [Ca(H2P0^)2-H20], 500 mg P L~^of P, 
prepared as described in Part I. 
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Sodium bicarbonate solution (NaHCO^) 0.5 M: 42.01 g of NaHCO^ 
was dissolved in about 950 ml of water, and the pH of the solution was 
adjusted to 8.5 with 1 M NaOH, and made to 1 liter with water. 
Water: Distilled, deionized water was used for preparation of 
the reagents described. 
Sulfate S was extracted by shaking, on a reciprocating shaker, 5 g 
(< 2 mm, on oven-dry basis) of field-moist soil as described in Part I. 
An aliquot of soil extract [usually 20 ml for LiCl, CaCl^, and CaCH^PO^)^] 
extractants or 10 ml for NaHCO^ (containing 10 to 50 p,g of SO^-S) was 
placed in a 50-ml reduction-distillation flask and taken to dryness in an 
oven at 100°C, cooled, and 1 ml of water was added. Then, SO^-S content 
of the extract was determined as described by Tabatabai (1982). 
When the NaHCO^ was used, 1 ml of 6 N HCl instead of 1 ml of water 
was added to the 50-ml flask after oven-drying to neutralize the car­
bonates from the extractant solution. 
Biological indexes 
An aerobic incubation of a mixture of 20 g of soil and 20 g of glass 
beads for 2-14 weeks at 20 or 30°C and leaching with 100 ml of 5 mM CaClg 
and determination of the SO^-S released as described by Tabatabai and 
Al-Khafaji (1980) was used as biological index for estimating plant-
available S in soils. 
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Greenhouse Experiments 
Plastic pots (Sweetheart Plastic, Inc.) of 473 ml capacity 
(10.5 cm upper diameter, 8 cm lower diameter, 7.5 cm in depth) were 
used for the greenhouse experiments. Each pot contained 500 g of soil 
(on an oven-dry basis). Before potting, the soil was treated with 
macro- and micronutrients, except S (Table 16), in amounts equivalent 
to the ones used by Cantarella (1981), which were based on recommendations 
described by Allen et al. (1976). All nutrients were derived from reagent 
grade chemicals and were applied on an individual pot basis. The soil 
sample of each pot was mixed with Ca(H2P0^)2.H20 on a heavy sheet of 
plastic and 15 ml of the nutrient solution (Table 16) were added drop-
wise to the soil and thoroughly mixed before potting. A small portion 
of the untreated soil was set aside to cover the soil in the pot with 
1 cm layer to serve as a seed bed. 
In November 1984, three greenhouse studies were carried out. The 
experiments involved uptake of S by corn (Zea mays), soybeans (Glycine 
max (L.) Merr.), and ryegrass (Lolium multiflorum Lam.). The experi­
ments were laid out as a complete randomized block design with 20 
treatments (20 soils) and 3 replications. 
In the experiment with corn (Var. L. B73 x Missouri 17) and soy­
beans (var. Weber), 6 seeds of corn or soybean were germinated in each 
pot and thinned to 5 and 4 seedlings per pot, respectively. In the ex­
periment with ryegrass, 1 g of ryegrass seeds was planted in each pot. 
The pots were watered daily with a volume of deionized water equal 
to that lost during a 24-h period, as determined by weighing randomly 
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Table 16. Sources and amounts of nutrients applied per pot before 
planting 
Amount applied 
Nutrient Compound (mg pot~^) 
N NH^NOg 43.8 
K KNO, 172.3 
CafH^PO^ig.HgO 406.5^ 
Mg MgfNOgig.GHgO 24.6 
Mn MnCl2.4H20 . 6.6 
Zn ZnfNOgig.ÔHgO 9.1 
Cu CUFNOGJG.SHGO 2.5 
NtgB^O^.lOHgO 2.1 
Fe FeClg.HgO 8.3 
was supplied as a solid. All others were applied as a solution. 
^1.7 g pot ^ in Chilean soils (Schenkel and Baherle, 1971). 
^Applies only to Chilean soils (Schenkel and Baherle, 1971). 
100 
chosen plots from each block. Sufficient deionized water was added 
daily to keep the soil moisture at 2/3 of 0.03 MPa (predetermined). 
The temperature in the greenhouse fluctuated between 14 and 25°C during 
the entire growing period and lights were turned on for 14 h a day. 
In the experiments with corn and soybeans, the plants were cut at 
the soil surface after 40 and 60 days, respectively. After each 
cropping, the soil was unpotted, the roots were carefully removed by hand 
from the moist soil, washed.with deionized water and dried at 65°C for 
48 h. The moist soil was treated with 33 mg N pot"^ (as NH^NO^) and 33 
mg K pot ^ (as KNO^) in 15 ml solution and repotted for a total of 3 
successive croppings. 
In the experiment with ryegrass, the plants were cut at about 2.5 cm 
from the soil surface every 30 days for a total of 4 cuttings. After 
each cutting, an additional nutrient solution (15 ml) containing 33 mg 
N pot ^ and 33 mg K pot ^ was added as described previously. 
The dry matter yield of corn, soybean, and ryegrass tops and corn 
and soybean roots was determined by weighing after drying at 65°C for 48 h. 
The plant materials were ground to pass a 40-mesh sieve for total S 
determination. 
Plant Analysis 
The ground plant materials were dried at 65°c for at least 24 h 
before total S determination. The total S in the plant material was 
determined by the method of Tabatabai and Chae (1982). In this method, 
about 10 mg of plant material is treated with 3 ml of NaOBr solution 
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and boiled to dryness to oxidize plant S compounds to SO^-S, and 
SO^-S thus formed is reduced to H^S by a modified Johnson-Nishita 
procedure (Tabatabai, 1982) and determined colorimetrically as 
methylene blue. Sulfur yield was calculated from the dry matter 
yield and the percentage S in the plant material analyzed. 
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RESULTS AND DISCUSSION 
Table 17 shows the values and percentage distribution of the vari­
ous forms of S in the Iowa and Chilean surface soils. Expressed as a 
percentage of total S in soil, the SO^-S extracted from the Iowa sur­
face soils by 0.1 M LiCl accounted for 1 to 4% (avg = 2%), and that 
extracted by a solution containing 500 mg L ^  P as CafHgPO^jg and 0.1 M 
NaHCOg counted for 1 to 4% (avg = 2%), and from 2 to 16% (avg = 7%), re­
spectively. The correspoûding-.araaunts.of so^-s extracted from the 
Chilean surface soils were 0.1 to 20% (avg = 4%), 1 to 23% (avg = 5%), 
and 3 to 21% (avg = 8%), respectively (Table 17). The fact that more 
SO^-S was extracted from the Chilean soils by the Ca(H2P0^)2 solution 
than those extracted by 0.1 M LiCl and 0.15% CaClg indicates that the 
Chilean contained adsorbed*SO^ . One of the Chilean soils (Agua del 
Gato) contained 141.4 mg kg ^ soil of inorganic SO^-S. The high con­
centration of SO^-S in this soil could be due to the high concentra­
tion of SO^-S in the water used to irrigate this soil (C. F. Rojas, 
Department of Agronomy, Iowa State University, personal communication, 
1985). 
Total organic S in the Iowa soils ranged from 96 to 99% (avg = 98%), 
and in the Chilean soils, ranged from 77 to 99% (avg = 95%). Expressed 
as percentage of the total S in the Iowa soils, Hl-reducible S ranged 
from 38 to 70% (avg = 56%), ester sulfate S ranged from 37 to 67% (avg = 
55%), C-bonded S ranged from 5 to 38% (avg = 13%), and unidentified or­
ganic S ranged from 13 to 50% (avg = 31%). The corresponding percentages 
in the Chilean soils analyzed were: 35 to 85% (avg = 62%) Hl-reducible 
Table 17. Total S and percentage distribution of various forms of S in 
Iowa and Chilean soils® 
Inorganic sulfate-S extracted 
Soils 
Total 
S 0.1 M : LlCl 0.15% CaClg 
500 mg P L 
CafHzPO,), 
Iowa soils 
Ida 140 1.9 (1) 2.0 (1) 2.2 (2) 
Hayden 128 2.0 (2) 1.7 (1) 2.0 (2) 
Downs 196 6.6 (3) 7.0 (4) 7.8 (4) 
Luther 125 3.2 (3) 2.3 (2) 2.9 (2) 
Fayette 226 5.0 (2) 5.1 (2) 5.3 (2) 
Tama 240 10.3 (4) 9.0 (4) 8.3 (3) 
Lester . 401 4.3 (1) 3.8 (1) 3.0 (1) 
Clarion 319 2.6 (1) 2.9 (1) 3.2 (1) 
Muscatine 347 2.5 (1) 2.7 (1) 3.3 (1) 
Nicollet 390 2.0 (1) 2.5 (1) 3.2 (1) 
Harps 470 3.0 (2) 3.1 (1) 3.5 (1) 
Okoboj i 437 4.8 (1) 4.1 (1) 4.9 (1) 
Canisteo 478 4.7 (1) 4.1 (1) 4.8 (1) 
Average 300 4.1 (2) 3.9 (2) 4.2 (2) 
Chilean soils • 
Alhue 358 7.2 (2) 5.8 (2) 7.4 (2) 
Constltucion 159 5.4 (3) 4.8 (3) 5.3 (3) 
Maipo 1692 58.8 (3) 54.0 (3) 69.9 (4) 
Agua del Gato 626 123.7(20) 136.5(22) 141.4(23) 
Collipolli 366 0.4 (0.1) 0.6 (0.2) 3.3 (1) 
Santa Barbara 648 1.8 (0.3) 2.1 (0.3) 12.0 (2) 
Osorno 894 1.9 (0.2) 2.0 (0.2) 6.7 (1) 
Average 678 28.5 (4) 29.4 (4) 35.1 (5) 
^Figures in parentheses indicate percentage of total S in form 
specified. 
^Ester S was calculated from Hl-reducible S-[Ca(H2P04)2"G%tractable 
SO4-S]. 
^Unidentified organic S was calculated from total S-(HI-reducible 
+ C-bonded S). 
^Total organic S was calculated from total S-[Ca(H2P04)2"G%tractable 
SO4-S]. 
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»ia „i 
reducible C-bonded Unid. Total 
0.5 M NaHCOg S Ester S S org. S° org. 
-mg kg ^ soil-
5.2 (4) 90(64) 88(63) 11 (8) 39(28) 138(99) 
13.7(11) 58(45) 56(44) 48(38) 22(17) 126(99) 
14.0 (7) 103(53) 95(48) 24(12) 69(35) 188(96) 
17.7(14) 74(59) 71(57) 17(14) 34(27) 122(97) 
13.0 (6) 108(48) 103(46) 27(12) 91(40) 221(98) 
38.4(16) 169(70) 161(67) 41(17) 30(13) 232(97) 
14.2 (4) 153(38) 149(37) 47(12) 201(50) 397(99) 
23.7 (7) 210(66) 207(65) 26 (8) 83(26) 316(99) 
19.1 (6) 200(58) 198(57) 40(12) 107(31) 345(99) 
26.8 (7) 193(49) 190(49) 20 (5) 177(45) 387(99) 
9.3 (2) 316(67) 313(67) 39 (8) 115(24) 467(99) 
15.5 (4) 242(55) 237(54) 61(14) 134(31) 432(99) 
11.7 (2) 283(59) 278(58) 47(10) 148(31) 473(99) 
17.1 (7) 169(56) 165(55) 34(13) 96(31) 296(98) 
14 .8 (4) 305(85) 298(83) 31 (9) 22 (6) 351(98) 
10 .3 (6) 55(35) 50(31) 33(21) 71(45) 154(97) 
57 .4 (3) 1285(76) 1215(72) 35 (2) 372(22) 1622(96) 
133 .7(21) 425 (72 )  301(48) 66(11) 113(18) 485(77) 
40 .9(11) 254(69) 251(69) 28 (8) 84(23) 363(99) 
28 .5 (4) 263(41) 251(39) 80(12) 305(47) 636(98) 
40 .9 (5) 495(55) 488(55) 107(12) 292(33) 887(99) 
46.6 (8) 443(62) 408(57) 54(11) 180(27) 64(95) 
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S, from 31 to 83% (avg = 57%) ester sulfates, from 2 to 21% (avg = 
11%) C-bonded S, and from 6 to 47% (avg = 27%) unidentified organic S. 
In general, the average percentages of the total organic S and S in the 
organic fractions were similar for both Iowa and Chilean surface soils. 
Dry Matter Yield and S Yield of Corn, Soybean, and Ryegrass 
The cumulative dry matter yields of corn tops produced in three 
croppings of corn grown on each of the 20 soils studied are shown in 
Figure 15. The cumulative dry matter yields of corn tops produced on 13 
Iowa soils ranged from 2.30 to 4.25 g pot ^. The corresponding dry 
matter yield on the 7 Chilean soils ranged from 3.15 to 5.95 g pot ^. 
In general, dry matter yield of corn decreased with cropping. The re­
sults of dry matter yields and the S yields obtained for the greenhouse 
experiments are reported in the Appendix (Tables 27-31). 
The S yields of corn tops produced on soils are shown in Figure 16. 
The cumulative S yields of the three croppings of corn ranged from 1.90 
to 4.40 mg pot ^ in Iowa soils, and from 3.20 to 13.50 mg pot ^ in the 
Chilean soils. As was the case with dry matter yields, the S yields de­
creased with successive cropping. 
The cumulative dry matter yields of corn roots produced on the soils 
are shown in Figure 17. The values for Iowa soils ranged from 2.50 to 4.10 
g pot ^. The corresponding values for the Chilean soils ranged from 
3.25 to 5.80 S pot ^. 
The yields of S of corn roots produced in the soils are shown in 
Figure 18. The S yields of the corn roots ranged from 2.40 to 4.40 mg 
Figure 15. Dry matter yields of corn tops produced in three croppings of corn grown on 
Iowa and Chilean soils 
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Figure 16. Sulfur yields of corn produced in three croppings of corn grown on Iowa and 
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Figure 17. Dry matter yields of corn roots produced in three croppings of corn grown on 
Iowa and Chilean soils 
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Figure 18. Sulfur yields of corn roots produced in three croppings of corn grown on Iowa 
and Chilean soils 
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pot ^ for the Iowa soils. The corresponding values for the Chilean 
soils were from 3.07 to 16.87 mg pot ^. The S yields of the corn roots 
were, in general, greater than those of the corn tops. 
The cumulative dry matter yields of soybean tops produced in the 
three croppings of soybean grown on each of the 20 soils studied are 
shown in Figure 19. The cumulative dry matter yields ranged from 7.07 to 
-1 -1 
11.87 g pot for the Iowa soils, and from 6.93 to 12.80 g pot for the 
Chilean soils. In general, similar dry matter yields were produced in 
the first and third cropping, but lower in the second. 
The yields of S of soybean tops produced are shown in Figure 20. 
The cumulative yields ranged from 5.00 to 11.80 mg pot ^ ror the Iowa 
soils, and from 6.10 to 20.80 mg pot ^ for the Chilean soils. As was 
the case with dry matter yields, the S yields were similar in the first 
and third cropping, but lower in the second. 
The cumulative dry matter yields of soybean roots produced on the 
soils are shown in Figure 21. The values for Iowa surface soils ranged 
from 1.90 to 3.10 g pot ^, and from 1.80 to 5.10 g pot ^ for the Chilean 
surface soils. In general, similar dry matter yields were produced in 
the first and third cropping, but lower in the second. In addition, the 
cumulative dry matter yields of roots produced in the three croppings of 
soybean were lower than those of the soybean tops (Figs. 19 and 21). 
The yields of S of soybean roots produced in the soils are shown 
in Figure 22. The S yields of soybean roots ranged from 1.67 to 2.73 
-1 
mg pot for the Iowa soils. The corresponding values for the Chilean 
soils were from 1.93 to 7.67 mg pot ^. The S yields of the soybean roots 
Figure 19. Dry matter yields of soybean tops produced in three croppings of soybean grown 
on Iowa and Chilean soils 
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Figure 20. Sulfur yields of soybean tops produced in three croppings of soybean grown on 
Iowa and Chilean soils 
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Figure 21. Dry matter yields of soybean roots produced in three croppings of soybean grown 
on Iowa and Chilean soils 
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Figure 22. Sulfur yields of soybean roots produced in three croppings of soybean grown on 
Iowa and Chilean soils 
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were, in general, lower than those of the soybean tops. 
The cumulative dry matter yields and S yields of four cuttings of 
ryegrass produced on the soils are shown in Figures 23 and 24, respec­
tively. The dry matter yields of ryegrass produced on the Iowa surface 
soils ranged from 1.53 to 3.50 g pot The corresponding values for the 
Chilean soils were from 2.33 to 4.60 g pot ^. The cumulative S yields 
of the four cuttings of ryegrass produced on the soils ranged from 1.70 
to 7.50 mg pot ^ and from 3.50 to 15.20 mg pot ^ for the Iowa and Chilean 
surface soils, respectively. Both dry matter yields and S yields de­
creased with successive cuttings (Figs. 23 and 24). The dry matter yields 
of ryegrass roots were not obtained. 
The averages of dry matter and S yields of tops and roots and their 
top/root ratios of the three croppings of corn and soybeans grown on Iowa 
and Chilean soils are reported in Tables 18 and 19, respectively. In 
general, the ratios of the dry matter yields of tops and roots decreased 
with successive cropping. Similarly, the ratios of S yields of tops and 
roots decreased with successive cropping. Sulfur mineralization in the 
soils used was not rapid enough to meet the crop's need, and S deficiency 
symptoms were increasingly observed with successive cropping of the 
plant types (corn, soybeans, and ryegrass) used. This apparently re­
sulted in the lower top/root ratio in the third cropping as compared 
with that of the first cropping. 
Figure 23. Dry matter yields produced in four cuttings of ryegrass grown on Iowa and Chilean 
soils 
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Figure 24. Sulfur yields in four cuttings of ryegrass grown on 
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Table 18. Averages of dry matter and S yield from tops and roots and 
their tops/roots ratios from corn grown on Iowa and Chilean 
soils 
Dry matter yield^ S yield^ 
Soil Cropping Tops Roots Ratio Tops Roots Ratio 
-1 ^-1 
_ni rt _ g pot "•iiiy yu L» 
Iowa soils 
Ida 1 0.823 1.69 0.487 0.919 1.48 0.621 
2 0.859 0.867 0.991 0.576 0.752 0.766 
3 0.609 1.12 0.544 0.409 1.04 0.393 
Hayden i 1.09 1.06 1.03 0.872 1.00 0.872 
2 0.790 0.655 1.21 0.529 0.590 0.897 
3 0.553 0.728 0.760 0.435 0.768 0.566 
Downs 1 1.91 1.32 1.45 2.44 1.76 1.34 
2 0.823 0.769 1.07 0.678 0.859 0.789 
3 0.623 0.850 0.733 0.553 0.829 0.667 
Luther 1 1.39 1.93 0.720 1.11 1.23 0.902 
2 0.713 0.662 1.08 0.483 0.629 0.768 
3 0.616 0.954 0.646 0.467 0.890 0.525 
Fayette 1 2.14 1.73 1.24 1.88 1.80 1.04 
2 1.15 1.09 1.06 0.856 0.878 0.975 
3 0.946 1.27 0.745 0.820 1.13 0.726 
Tama 1 2.03 1.44 1.41 3.31 2.34 1.42 
2 0.837 0.677 1.24 0.863 0.991 0.871 
3 0.728 1.04 0.700 0.651 1.12 0.581 
Lester 1 1.96 2.01 0.975 1.52 1.80 0.844 
2 0.714 0.786 0.908 0.593 0.767 0.773 
3 0.896 1.31 0.684 0.752 1.06 0.709 
Clarion 1 1.65 1.69 0.976 1.47 1.48 0.993 
2 0.854 0.867 0.985 0.781 0.752 1.04 
3 0.787 1.12 0.703 0.696 1.04 0.669 
Muscatine 1 1.49 1.70 0.876 1.20 1.72 0.698 
2 0.920 0.967 0.951 0.683 0.934 0.731 
3 1.00 1.25 0.900 0.819 1.18 0.694 
^Averages of three replications. 
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Table 18. (Continued) 
Dry matter yield S yield 
Soil Cropping Tops Roots Ratio Tops Roots Ratio 
. —1 —1 
g pot mg pot 
Nicollet 1 1.64 1.51 1.09 1.31 1.23 1.07 
2 1.14 1.09 1.05 0.830 0.862 0.963 
3 0.879 1.25 0.703 0.679 1.06 0.641 
Harps 1 1.73 1.43 1.21 1.32 1.34 0.985 
2 0.827 0.922 0.897 0.846 0.912 0.928 
3 1.03 1.24 0.831 0.875 1.07 0.818 
Okoboji 1 1.79 1.67 1.07 1.80 1.57 1.15 
2 0.993 0.934 1.06 0.953 0.879 1.08 
3 0.759 1.16 0.654 0.572 1.13 0.506 
Canisteo 1 1.52 1.70 0.894 1.12 1.44 0.778 
2 0.993 0.987 1.01 0.710 0.757 0.938 
3 0.784 1.17 0.670 0.601 0.958 0.627 
Chilean soils 
Alhue 1 2.96 2.10 1.41 3.03 2.02 1.50 
2 1.79 1.27 1.41 1.56 1.17 1.33 
3 1.19 1.11 1.07 1.25 1.22 1.23 
Constitucion 1 1.65 1.47 1.12 1.67 1.46 1.14 
2 1.49 1.05 1.42 1.39 1.02 1.36 
3 0.788 0.839 0.939 0.747 0.903 0.827 
Maipo 1 2.20 1.48 1.49 4.66 5.76 0.809 
2 1.63 1.17 1.39 3.83 2.91 1.32 
3 1.32 1.22 1.08 2.99 2.53 1.18 
Agua del Gato 1 2.05 1.23 1.67 4.65 5.84 0.796 
2 1.53 1.11 1.38 4.42 6.38 0.693 
3 1.15 1.08 1.07 4.47 5.61 0.797 
Collipulli 1 1.27 1.34 0.948 1.39 1.32 1.05 
2 1.25 1.00 1.25 1.09 0.939 1.27 
3 0.632 0.920 0.687 0.586 0.836 0.701 
Santa Barbara 1 2.43 2.10 1.16 2.33 1.95 1.19 
2 2.13 2.08 1.02 1.66 1.61 1.03 
3 1.21 1.74 0.695 1.18 1.57 0.752 
Osorno 1 1.97 2.14 0.921 2.27 1.88 1.21 
2 2.45 1.91 1.28 1.96 1.55 1.27 
3 1.43 1.82 0.786 1.44 1.73 0.832 
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Table 19. Averages of dry matter and S yield from tops and roots and 
their tops/roots ratios from soybean grown on Iowa and 
Chilean soils 
Dry matter yield^ S yield^ 
Soil Cropping Tops Roots Ratio Tops Roots Ratio 
— — 
g pot mg pot 
Iowa soils 
Ida 1 2.71 0.707 3.83 2.50 0.683 3.66 
2 2.27 0.781 2.91 1.56 0.684 2.28 
3 3.97 1.33 2.98 2.10 0.845 2.49 
Hayden 1 2.46 0.511 4.81 2.02 0.542 3.73 
2 1.72 0.526 3.27 1.26 0.408 3.09 
3 2.93 1.12 2.62 1.61 0.698 2.31 
Downs 1 2.76 0.675 4.09 4.35 0.696 6.25 
2 2.00 0.479 4.19 3.68 0.694 5.30 
3 5.58 1.34 4.16 3.69 0.852 4.33 
Luther 1 2.60 0.534 4.87 2.24 0.525 4.27 
2 1.83 0.473 3.87 • 1.21 0.402 3.01 
3 3.40 1.25 2.72 1.93 0.876 2.20 
Fayette 1 4.44 0.994 4.47 3.62 0.922 3.93 
2 2.28 0.666 3.42 1.71 0.597 2.86 
3 4.22 1.35 3.13 2.41 0.858 2,81 
Tama 1 3.01 0.541 5.56 5.77 1.07 5.39 
2 2.83 0.750 3.77 3.47 0.775 4.48 
3 3.94 1.26 3.13 2.44 0.891 2.74 
Lester 1 3.86 0.891 4.33 2.63 0.821 3.20 
2 2.27 0.678 3.35 1.53 0.540 2.83 
3 3.86 1.27 3.04 2.23 0.851 2.62 
Clarion 1 2.39 0.796 3.00 2.81 0.631 4.45 
2 2.04 0.597 3.42 1.60 0.558 2.87 
3 3.71 1.34 2.77 2.18 0.886 2.46 
Muscatine 1 3.43 0.956 3.59 . 2.42 0.943 2.57 
2 2.36 0.760 3.11 1.82 0.668 2.72 
3 4.37 1.40 3.12 2.51 1.02 2.46 
^Averages of three replications. 
Table 19. (Continued) 
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Soil 
Dry matter yield 
Cropping Tops Roots Ratio Tops 
S yield 
Roots Ratio 
-g pot 
-1 
-mg pot 
-1 
Nicollet 1 3.63 0.801 4.53 2.31 0.678 3.41 
2 1.51 0.471 3.21 1.40 0.406 3.45 
3 3.69 0.996 3.70 2.70 0.689 3.92 
Harps 1 3.02 0.761 3.97 2.25 0.636 3.54 
2 1.98 0.908 2.18 1.39 0.595 2.34 
3 3.83 1.40 2.74 2.02 1.03 1.96 
Okoboji 1 3.25 0.636 5.11 4.08 0.803 5.08 
2 1.20 0.346 3.47 1.69 0.519 3.26 
3 4.33 1.16 3.73 2.64 0.898 2.94 
Canisteo 1 3.61 0.818 4.41 2.36 0.634 3.72 
2 1.96 0.674 2.91 1.32 0.593 2.23 
3 3.49 1.30 2.68 1.84 0.908 2.03 
Chilean soils 
Alhue 1 4.67 3.01 1.55 4.49 1.54 2.92 
2 2.52 0.790 3.19 2.52 1.00 2.52 
3 4.25 1.27 3.35 3.82 1.26 3.03 
Constitucion 1 2.38 0.505 4.71 3.20 0.571 5.60 
2 2.00 0.584 3.42 1.43 0.603 2.37 
3 2.60 1.01 2.57 2.00 0.736 2.72 
Maipo 1 3.14 0.458 6.86 7.55 1.69 4.47 
2 2.10 0.529 3.97 4.79 2.01 2.38 
3 3.29 0.849 3.88 9.45 2.16 4.38 
Agua del Gato 1 3.86 0.511 7.55 6.78 2.48 2.77 
2 1.42 0.544 2.61 4.33 2.23 1.94 
3 4.16 1.37 3.04 8.19 4.91 1.67 
Collipulli 1 2.85 0.743 3.84 2.78 0.716 3.88 
2 1.80 0.583 3.09 1.47 0.529 2.78 
3 2.83 1.06 2.67 1.88 0.871 2.16 
Santa Barbara 1 5.23 1.45 3.61 5.65 1.55 3.65 
2 3.07 1.23 2.50 2.42 1.05 2.30 
3 4.53 1.56 2.90 3.02 1.28 2.36 
Osorno 1 4.51 1.20 3.76 4.55 1.31 3.47 
2 3.52 1.20 2.93 2.78 1.30 2.14 
3 4.32 1.73 2.50 3.05 1.37 2.23 
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Chemical Methods 
The values obtained by the chemical methods evaluated are re­
ported in Table 17. The simple correlation coefficients (r) for the 
relationships between the values obtained by the chemical methods and 
dry matter or S yields of corn tops and roots are reported in Table 20. 
Among the methods evaluated, the values obtained by the extraction of 
inorganic and/or organic SO^-S with 0.1 M LiCl, 0.15% CaCl^/ 500 mg L ^  
P as and 0.1 M NaHCO^ showed the highest correlation coeffi­
cients for the relationships between these Indexes and S yield of corn 
tops, corn roots, or total tops + roots (Table 20). The relationships 
between dry matter or S yield (tops + roots) and the values obtained by 
extraction with 0.1 M LiCl, 500 mg L~^ P as CafHgPO^jg, and 0.1 M NaHCO^ 
are shown in Figures 25, 26, and 27, respectively. These relationships 
showed that Iowa and Chilean soils behaved similarly (one regression 
line) for the relation between dry matter yield (tops + roots) and the 
values obtained by the different extractants (Figs. 25-27). The values 
obtained by these methods were not significantly correlated with dry 
matter yields (tops + roots) of corn and soybeans and ryegrass (tops). 
Two regression lines were obtained (one for each of Iowa and Chilean 
soils; Figs. 25 and 26) for the relationships between S yield and inor­
ganic SO^-S extracted with LiCl and Ca(H2P0^)2. The values obtained by 
these two methods were significantly correlated with corn S yield for the 
Iowa (r = 0.83***, LiCl; r = 0.82***, Cadi^PO^)^) and for the Chilean 
(r = 0.97***, LiCl; r = 0.98***, Ca(H2P0^)2) soils, respectively. The S 
yields were significantly correlated (r = 0.91***) with NaHCO^-
Table 20. Simple correlation coefficients (r) for the relationships 
between chemical indexes of plant available S and dry-
matter or S yield of corn 
-1, 
Dry matter yield (g pot ) 
Cropping number 
Chemical index 
Total Total 
tops roots 
1-3 1-3 
0.1 M LiCl 
0.15% CaClg 
CafHgPOjig 
(500 mg P L-1) 
0,5 M NaHCO-
— 3 
Hl-reducible S 
Ester S 
C-bonded S 
Unidentified org. S 
Total S 
Sn-H^PO^-reducible 
Sn-HCl-reducible 
0.25 
0.23 
0 . 2 6  
0.24 
0.36 
0.35 
0.33 
0.35 
0.39 
0.41 
0.58 
0.23 
0.22 
0 . 2 8  
0.36 
0.46 
0.46 
0 . 6 6  
0.59 
0.56 
0 . 2 0  
0.40 
—r — 
0.37 
0.34 
0.42 
0.41 
0.67 
0.66 
0.60 
0.71 
0.74 
0.50 
0.57 
0.30 
0.28 
0.34 
0.37 
0.53 
0.52 
0.59 
0.59 
0.60 
0.39 
0.57 
- 0 . 1 2  
- 0 . 1 2  
-0.07 
0.01 
0.25 
0.27 
0 . 6 2  
0.65 
0.41 
- 0 . 0 1  
0.21 
^r-values between 0.52-0.56 are significant at the 5% level; r-
values between 0.57-0.68 are significant at the 1% level; r-values 
> 0.68 are significant at the 0.1% level. 
^Values obtained after 30 min of distillation. 
134 
-1, 
S yield (mg pot ) 
Total 
tops + 
roots 
1-3 
0.12 
0.11 
0.18 
0.23 
0.44 
0.44 
0.64 
0 . 6 6  
0.56 
0.23 
0.45 
Cropping number 
Total Total 
tops roots 
1-3 1-3 
0.78 
0.75 
0.79 
0.75 
0.68 
0 .66  
0.27 
0.36 
0.64 
0.57 
0.58 
0.89 
0.87 
0.91 
0 . 8 6  
0.76 
0.43 
0.38 
0.49 
0.73 
0 . 6 2  
0.51 
—r— 
0.95 
0.94 
0.97 
0.91 
0.67 
0.41 
0.35 
0.40 
0.64 
0.65 
0.45 
0.90 
0.89 
0.92 
0.87 
0.73 
0.53 
0.35 
0.44 
0.70 
0.64 
0.54 
0.97 
0.97 
0.99 
0.93 
0.61 
0.52 
0.32 
0.34 
0.57 
0 .60  
0.37 
Total 
tops + 
roots 
1-3 
0.96 
0.94 
0.97 
0.92 
0.67 
0.44 
0.34 
0.39 
0.64 
0.62 
0.45 
Figure 25. Relationship between dry matter yield or S yield of corn tops + roots produced in 
three croppings and 0.1 M LiCl extractable SO^-S; dry matter yield, the regression 
line is for the Iowa and Chilean soils; S yield, the upper regression line is for 
the Chilean soils and the lower regression line is for the Iowa soils 
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extractable S, but the dry matter yields were not significantly corre­
lated with this chemical index (Fig. 27). 
The simple correlation coefficients for the linear relationships 
between the values obtained by the chemical methods and dry matter or 
S yields of soybean' (tops + roots) are reported in Table 21. In gen­
eral, these r values were lower than those obtained for the correspond­
ing relationships with corn tops + roots (Table 20). The relationships 
between dry matter or S yields or S yields of three croppings of soybean 
(tops + roots) and the values obtained with extraction of inorganic and/ 
or organic SO^-S with LiCl, Ca(H2P0^)2, and NaHCO^ are shown in Figures 
28/ 29, and 30, respectively. As was the case for corn, two types of 
relationships were obtained. One regression line for the relationship 
between dry matter yields of soybean (tops + roots) grown in Iowa and 
Chilean surface soils and extractant solutions (Figs. 28-30). No signifi­
cant correlation between these values was obtained. Two regression lines 
(one for each of Iowa and Chilean soils. Figs. 28 and 29) for the relation­
ships between S yield and inorganic SO^-S extracted with LiCl and 
Ca(H2P0^)2. The values obtained by these methods were significantly 
correlated with soybean S yields (see Figs. 28 and 29). In the rela­
tionship between S yield of soybean and NaHCO^, one regression line for 
the Iowa and Chilean surface soils was obtained (r = 0.81***, Fig. 30). 
The simple correlation coefficients (r) for the relationship be­
tween chemical methods (Table 17) and dry matter or S yields of ryegrass 
are reported in Table 22. In general, these r values were lower than 
those obtained for the corresponding relationships with corn tops + roots 
Table 21. Simple correlation coefficients (r) for the relationships 
between chemical indexes of plant available S and f^ry 
matter or S yield of soybean 
Chemical index 
-1, 
Dry matter yield (g pot ) 
Cropping number 
Total 
tops 
1-3 
Total 
roots 
1-3 
0.1 M LiCl 
0.15% CaClg 
Ca(^2^0^)2 
(500 mg P L'l) 
0.5 M NaHCOg 
Hl-reducible S 
Ester S 
C-bonded S 
Unidentified org. S 
Total S 
Sn-HgPO^-reducible 
Sn-HCl-reducible 
0.09 
0.09 
0.13 
0.16 
0.15 
0.14 
0.53 
0.46 
0 . 2 8  
0.19 
0 . 2 8  
- 0 . 2 8  
-0.29 
-0.24 
-0.13 
0.10 
0.14 
0.45 
0.33 
0 . 2 0  
-0.27 
0.13 
0.03 
0.05 
0.05 
0.02 
-0.07 
-0.08 
0.22 
0.09 
-0.01 
0.03 
0.04 
-0.04 
-0.03 
- 0 . 0 2  
0.05 
0 . 0 8  
0 . 0 8  
0.50 
0.37 
0 . 2 0  
0 . 0 2  
0.19 
- 0 . 2 2  
- 0 . 2 1  
-0.19 
-0.13 
-0.04 
- 0 . 0 2  
0.39 
0.12 
0 . 0 2  
0.11 
0.35 
^For levels of significance, see Table 20. 
^Values obtained after 30 min of distillation. 
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Total 
tops + 
roots 
1-3 
-1, 
S yield (mg pot ) 
Cropping number 
Total 
tops 
1-3 
Total 
roots 
1-3 
Total 
tops + 
roots 
1-3 
-0.03 
- 0 . 0 2  
0.01 
0.09 
0.15 
0.16 
0.50 
0.30 
0.23 
0.09 
0.30 
0 . 6 6  
0.63 
0 . 6 8  
0.68 
0.69 
0.45 
0.65 
0.50 
0.70 
0.45 
0.52 
0.70 
0.66 
0.71 
0.68 
0.66 
0.62 
0.61 
0.37 
0.63 
0.45 
0.49 
0 . 8 6  
0 . 8 2  
0.87 
0.75 
0.82 
0.76 
0.78 
0.48 
0.73 
0.71 
0.63 
0.81 
0.78 
0.83 
0.77 
0 . 8 0  
0.75 
0.32 
0.51 
0.77 
0.61 
0.61 
0.83 
0.82 
0.85 
0.78 
0.67 
0.60 
0.45 
0.46 
0.67 
0 . 6 2  
0.49 
0.84 
0.81 
0 . 8 6  
0.81 
0.79 
0.73 
0.34 
0.50 
0.79 
0.63 
0.60 
Figure 28. Relationship between dry matter yield or S yield of soybean tops + roots produced 
in three croppings and 0.1 M LiCl extractable SO^-S; dry matter yield, the regression 
line is for the Iowa and Chilean soils; S yield, the upper regression line is for the 
Chilean soils and the lower regression line is for the Iowa soils 
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Table 22. Simple correlation coefficients (r) for the relationships between chemical indexes of 
plant available S and dry matter or S yields of ryegrass 
Chemical index 
-1, 
Dry matter yield (g pot ) 
Cutting number 
S yield (mg pot 
Total 
1-4 
Cutting number 
Total 
1-4 
0.1 M LiCl 
0.15% CaClg 
CafHgPOjig 
(500 mg P L~^) 
0.5 M NaHCO_ 
— 3 
Hl-reducible S 
C-bonded S 
Ester S 
Unidentified org. S 
Total S 
Sn-H^PO^-reducible^ 
Sn-HCl-reducible 
0 . 2 2  
0.21 
0.25 
0.26 
0.24 
0.42 
0 . 2 2  
0.36 
0.31 
-0.01 
0 . 2 2  
0.58 
0.57 
0.61 
0.71 
0.57 
0.58 
0.52 
0.47 
0 .60  
0.25 
0.36 
0.81 
0.78 
0.81 
0.78 
0.74 
0.32 
0.68 
0.43 
0.70 
0.54 
0.53 
0.81 
0.78 
0 . 8 2  
0 .80  
0.79 
0.33 
0.72 
0.46 
0.74 
0.62 
0.61 
0.67 
0.65 
0.65 
0.50 
0.60  
0-65 
0.62 
0.69 0.67 
0.72 0.67 
0.69 
0.25 
0.65 
0.50 0.46 
0.66 0.67 
0.36 0.39 
0.47 0.51 
0.88 0.94 0.95 0.87 
0.86 0.92 0.93 0.85 
0.89 0.95 0.95 0.89 
0.88 0.88 0.89 0.85 
0.61 0.72 0.74 0.71 
0.35 0.25 0.25 0.29 
0.53 0.64 0.66 0.64 
0.35 0.38 0.40 0.42 
0.58 0.67 0.69 0.67 
0.46 0.61 0.63 0.53 
0.37 0.47 0.47 0.47 
^For levels of significance, see Table 20. 
^Values obtained after 30 min of distillation. 
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(Table 20), but similar to the relationships with soybean tops + roots 
(Table 21). The relationship between dry matter or S yields of the four 
cuttings of ryegrass and the values obtained with 0.1 M LiCl, 500 mg 
• L ^ P as Ca(H2P0^)2f and 0.5 M NaHCO^ are shown in Figures 31, 32, and 
33, respectively. The values obtained by these methods were signifi­
cantly correlated with S yields of the four cuttings of ryegrass on the 
Iowa and Chilean surface soils (Table 22). However, these relationships 
showed the Iowa and Chilean surface soils did not behave similarly, and 
that two regression lines were obtained (one for each of the Iowa and 
Chilean surface soils) for the relationships between dry matter or S 
yields and the values obtained with LiCl and Ca(H2P0^)2. These relation­
ships were highly correlated (see Figs. 31 and 32). A single correla­
tion line for the Iowa and Chilean surface soils was obtained for the 
relationships between dry matter (r = 0.72**) or S yield (r = 0.86**) 
of ryegrass and NaHCO^ extractable S (Fig. 33). 
Of the methods evaluated, 500 mg L~^ P as Ca(H2P0^)2 gave the high­
est correlation with plant S yield. This is in agreement with results 
reported in the literature (Tabatabai, 1982). Extractants that remove 
the readily soluble plus portions of adsorbed tend to be better corre­
lated with plant S uptake than other chemical methods. 
Biological Methods 
The values obtained by the biological methods evaluated are re­
ported in Table 23. The biological methods involved the aerobic incu­
bation of soil-glass bead mixtures in leaching columns at 20 or 30°C 
Figure 31. Relationship between dry matter yield or S yield of four cuttings of ryegrass produced 
and 0.1 M LiCl extractable SO.-S 
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Figure 32. Relationship between dry matter yield or S yield of four cuttings of ryegrass and 
500 mg P L~^ as CaCH^PO^)^ extractable SO^-S 
DRY MATTER YIELD (g pot"^) 
S YIELD (mg POt'l) 
9SI 
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Table 23. Values obtained by biological methods 
Biological index^ 
Soil 
Amount of S 
mineralized 
at 20°C 
Amount of S 
mineralized 
at 30°C 
Iowa soils 
Ida 
Hayden 
Downs 
Luther 
Fayette 
Tama 
Lester 
Clarion 
Muscatine 
Nicollet 
Harps 
Okobo j i 
Canisteo 
5.3 
9.1 
12.4 
9.0 
7.4 
2 2 . 6  
9.2 
6.1 
10.0 
11.9 
5.6 
9.9 
7.9 
-mg S kg ^ soil-
10.1 
12.2 
23.0 
14.2 
15.8 
40.2 
19.5 
21.3 
17.2 
25.0 
11.3 
19.9 
11.2 
Chilean soils 
Alhue 
Constitucion 
Maipo 
Agua del Gato 
Collipulli 
Santa Barbara 
Osorno 
8.7 
11 .1  
15.1 
2 6 . 8  
9.0 
14.1 
7.8 
13.0 
1 8 . 6  
2 2 . 2  
47.1 
23.1 
21.5 
14.8 
^Values obtained by using leaching columns under aerobic condi­
tions at temperature indicated after leaching with 5 mM CaCl^ every 
2 weeks for a total of 14 weeks. 
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for times ranging from 2 weeks to 14 weeks. The S produced was re­
moved by leaching with 5 mM CaClg every 2 weeks. 
The simple correlation coefficients (r) for the relationships be­
tween the values obtained by biological methods (Table 23) and dry 
matter or S yield of corn and soybean (tops + roots) and ryegrass tops 
(grown in Iowa and Chilean surface soils) are reported in Tables 24 and 
25. In general, the S yields of corn and soybean (tops +roots) and 
ryegrass (tops) were significantly correlated with the biological 
methods (Table 25). Dry matter yields of ryegrass were only correlated 
with the biological methods (Table 24). The relationships between S 
yields of three croppings of corn and soybean (tops + roots) and rye­
grass (tops) with the cumulative amount of S mineralized in 14 weeks 
are shown in Figures 34, 35, and 36, respectively. These relationships 
showed that the Iowa and Chilean surface soils did not behave similarly 
and two regression lines were obtained (one for each of the Iowa and 
Chilean soils). The cumulative S mineralized by the two methods obtained 
for the Iowa soils were significantly correlated with corn (r = 0.67**, 
20°C; r = 0.78**, 30°C) and soybean (r = 0.76**, 20°C? r = 0.81***, 
30°C) tops + roots and with ryegrass tops (r = 0.87***, 20°C; r = 
0.84***, 30°C). In general, the corresponding values for the Chilean 
surface soils were also significant but lower in r values (Figs. 34-36). 
Statistical analysis showed that the values obtained with several 
of the chemical methods were significantly correlated with the values 
obtained by the biological methods (Table 26). The highest r values, 
however, were for the relationship between the chemical methods and 
cumulative S mineralized at 20°C (Table 26). 
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Table 24. Simple correlation coefficients (r) for the relationships 
between biological indexes of plant available organic S 
and dry matter of corn, soybean, and ryegrass 
Biological 
index® 
Dry matter yield (g pot ) 
Cropping or cutting number 
12 3 4 
Total 
tops 
Total 
roots 
Total 
tops + 
roots 
Corn 
A 
B 
0.34 
0 . 2 6  
0.18 
0 .08  
0 . 2 0  
0.11 
0.28 -0.13 0.11 
0.18 -0.19 0.02 
Soybean 
A 
B 
0.14 
0.05 
- 0 . 0 6  
-0.13 
0.13 
0.14 
0.10 -0.21 0.12 
0.04 -0.26 0.03 
Ryegrass 
A 
B 
0.31 
0.21 
0.73 
0.64 
0.69 
0 . 6 0  
0.67 
0.58 
0.69 
0.59 
^A, SO^-S produced in leaching columns incubated under aerobic 
conditions at 20°C, after leaching with 5 mM CaCl2 every 2 weeks for a 
total of 14 weeks; B, same as in A but incubated at 30°C. 
^For levels of significance, see Table 20. 
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Table 25. Simple correlation coefficients (r) for the relationships 
between biological indexes of plant available organic S and 
S yields of corn, soybean, and ryegrass 
— 
S yield (mg pot ) 
Biological 
index^ 
Cropping or cutting number 
12 3 4 
Total 
tops 
Total 
roots 
Total 
tops + 
roots 
Corn 
A 
B 
0.77 
0.67 
0.64 
0.55 
0.67 
0.59 
0.72 
0.63 
0.75 
0.67 
0.74 
0 . 6 6  
Soybean 
A 
B 
0.68 
0.57 
0.73 
0.63 
0 . 6 2  
0.51 
0.71 
0.59 
0 . 6 0  
0.45 
0.71 
0.59 
Ryegrass 
A 
B 
0.74 
0 . 6 2  
0.85 
0.76 
0.74 
0.64 
0.71 
0 . 6 2  
0 . 8 0  
0.70 
^''^See footnotes of Table 24. 
Figure 34. Relationship between S yield of corn tops + roots in three croppings and S produced 
in leaching columns incubated at 20 (A) or 30°c (B), after leaching with 5 mM CaCl2 
every 2 weeks for 14 weeks; the upper regression lines are for the Chilean soils, 
and the lower regression lines are for the Iowa soils 
• Iowa soils 
()Chilean soils 
o 
MINERALIZED (mg kg"*^ soil) 
Figure 35. Relationship between S yield of soybean tops + roots in three croppings and S pro­
duced in leaching columns incubated at 20 (A) or 30°C (B), after leaching with 5 mM 
CaCl2 every 2 weeks for 14 weeks; the upper regression lines are for the Chilean 
soils, and the lower regression lines are for the Iowa soils 
• Iowa soils 
o Chilean soils 
S MINERALIZED (mg kg"^ soil) 
Figure 36. Relationship between S yield of four cuttings of ryegrass and S produced in leaching 
columns incubated at 20 (A) or 30°C (B), after leaching with 5 nM in CaCl2 every 2 
weeks for 14 weeks; the upper regression lines are for the Chilean soils, and the 
lower regression lines are for the Iowa soils 
• Iowa soils 
o Chilean soils 
o 
o 
s MINERALIZED (mg kg"^ soil) 
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Table 26. Correlation matrix for chemical and biological indexes of 
plant available S in soils 
Biological index^ 
Amount of S Amount of S 
mineralized mineralized 
Chemical index at 20°C at 30°c 
0.1 M LiCl 0.75 0.68 
0.15% CaClg 0.75 0.69 
CafHgPO^)^ (500 mg P l"^) 0.74 0.67 
0.5 M NaHCO_ 
— 3 0.79 0.79 
Hl-reducible S 0.27 0.16 
Ester S 0.18 0.08 
C-bonded S 0.24 0.16 
Unidentified org. S 0.11 • 0.03 
Total S 0.25 0.15 
Sn-HgPO^-reducible^ 0.22 0.15 
Sn-HCl-reducible -0.22 -0.26 
^Values obtained by using leaching columns under aerobic condi­
tions at temperature indicated, after leaching with 5 mM CaCl every 
2 weeks for a total of 14 weeks. 
^For level of significance, see Table 20. 
^Values obtained after 30 min of distillation. 
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SUMMARY AND CONCLUSION 
Inorganic sulfate is readily absorbed by plants and represents 
an immediately available supply. However, the major part of the total 
S in surface soils in humid and semihumid regions occurs in the or­
ganic fraction. Organic S sources generally become available to plants 
through mineralization to SO^ . 
To assess the need for S fertilization and to evaluate the S supply­
ing power of soils, it is necessary to consider the S fractions present 
in soils, including their nature, amounts, and distribution in surface 
and soil profiles. 
The objectives of this study were: (1) to develop a rapid and 
precise method for determination of SO^-S in soils, (2) to extend the 
use of this method in evaluation of the chemical nature of organic S in 
soils, (3) to assess the potentially mineralizable S and S mineraliza­
tion rates in selected Iowa and Chilean surface soils, and (4) to study 
the relationships between the available S as determined by chemical and 
biological methods and plant uptake of organic S in soils. 
The findings can be summarized as follows: 
1. A rapid and precise method for determination of SO^ in soils 
was developed. This method involves the extraction of SO^-S in soils, 
followed by its reduction to H^S in 30 min digestion with a Sn and 
HgPO^ mixture and colorimetric determination as methylene blue. The 
method is rapid and precise, and the results agreed closely with those 
obtained by reduction with HI, HCOOH, and HyPOg and by ion chromato­
graphic method. 
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The precision of the Sn and H^PO^ method for the results of 
replicated analyses of 4 soils with 2 extractants [0.1 M LiCl and 
500 mg L ^ P as CaCH^PO^)^] showed that the averages ranged from 2.1 
to 53.8 (mg kg ^ soil), with standard deviations ranging from 0.04 to 
1.00, and the coefficient of variation ranging from 1.9 to 5.3. In 
addition, the results indicated that this reagent reduces some in­
organic compounds (i.e., thiosulfates, sulfites, and sulfides) and 
that a large number of organic S compounds were partially (i.e., 
cysteine, cystine, methionine sulfone, thiourea, and dimethylsulfamoyl 
chloride) or completely reduced (i.e., cystine, thioacetamide, and ethyl 
dichlorothiophosphate). 
2. Tests indicated that Sn and H^PO^ mixture reduced certain or­
ganic S fractions in soils. In general, most of the reduction of or­
ganic S to H^S in 13 Iowa and 7 Chilean surface soils occurred after 
distillation for 1 to 3 h, but some soils continued to release H^S up 
to 10 h of distillation with this reagent. The difference in behavior 
of organic S in reduction to H^S with Sn and H^PO^ in the 20 soils 
studied reflects the difference in the chemical nature of S in these 
soils. Unlike Hl-reducing mixture, which is known to break C-O-S bonds 
in soil organic matter, in addition to reducing S in this type of bond, 
Sn and H^PO^ mixture reduces a variety of other organic S (i.e., C-S in 
cysteine, C-S-S-C in cystine, C=S in thioacetamide, and C=S in thio­
urea). Increasing the distillation time from 1 h to 10 h significantly 
increased the amount of organic S reduced with Sn and H^PO^. Expressed 
as percentage of total organic S in Iowa surface soils, the amounts of 
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Sn and H^PO^ reducible S ranged from 15 to 54% (avg = 35%) after 1 h 
distillation, and from 42 to 91% (avg = 60%) after 10 h distillation. 
The corresponding percentages of the Sn and H^PO^ reducible S in the 
Chilean surface soils ranged from 8 to 73% (avg = 25%) after 1 h dis­
tillation, and from 29 to 100% (avg = 55%) after 10 h distillation. 
Statistical analysis showed that the values obtained with Sn and H^PO^ 
were significantly correlated with organic S (r = 0.71*** for 1 h dis­
tillation and r = 0.88*** for 10 h distillation). 
The amounts of S reduced by Sn and H^PO^ were in the same order of 
magnitude as those reduced with HI, but were markedly greater than 
those obtained with Sn and HCl. From the results obtained for Sn and 
HgPO^ reducible S as compared with those obtained for Hl-reducible S, 
it appears that Sn and H^PO^ mixture reduces the ester S and a portion 
of or all the C-bonded and unidentified S fractions. 
Application of the Sn and H^PO^ reagent to reduction of S in 
samples of five Iowa soil profiles showed that the values obtained 
were similar, lower, or greater than those obtained for Hl-reducible S, 
suggesting differences in the chemical nature of the organic S in these 
profiles. However, the amounts of S reduced with Sn and H^PO^ were 
markedly higher than those reduced with Sn and HCl. The time required 
to reduce all the potentially reducible S varied with the soil profile 
and sample depth within a profile. The samples of Edina soil profiles 
required about 5 h to reduce the potentially reducible S, whereas samples 
of the Clarion and Clarinda soil profiles required 3 to 10 h, depending 
on sample depth. In general, the percentage of Sn and H^PO^ reducible 
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in 1 h distillation varied considerably within depth in the profile and 
were markedly different from those for 10 h distillation. 
Calculation of the amounts of organic S potentially reducible (S^) 
with Sn and H^PO^ in Iowa and Chilean surface soils (calculated by using 
exponential and reciprocal plot techniques) showed that, in general, 
the percentages of Sn and H^PO^ reducible organic S obtained by the two 
techniques were similar. Expressed as percentages of organic S in Iowa 
surface soils, the values calculated by using the exponential equa­
tion ranged from 36 to 81% (avg = 56%), and those obtained by the 
reciprocal plot technique ranged from 35 to 86% (avg = 61%). The 
corresponding percentages for the Chilean surface soils ranged from 
27 to 95% (avg = 56%) and from 33 to 100% (avg = 66%), respectively. 
The values of the rate constants (k) of the exponential equation 
applied to the Sn and H^PO^ reducible organic S in Iowa surface soils 
ranged from 0.39 to 1.70 (avg = 0.96), and for the Chilean surface 
soils ranged from 0.15 to 1.56 (avg = 0.59), respectively. The time 
required to distill 50% of the Sn and H^PO^ reducible organic S (K^) 
calculated by using the reciprocal plot technique ranged from 0.28 to 
1.72 h (avg = 0.84 h) for the Iowa surface soils, and from 0.38 to 9.23 
h (avg = 3.03 h) for the Chilean surface soils. 
3. The relationship between the cumulative S mineralized and 
time of incubation was linear for some soils and slightly curvilinear 
with others. As expected, significantly higher amounts of S were 
mineralized at 30°C than at 20°C in each of the soils studied. Ex­
pressed as percentages of organic S in soils, the amounts of S 
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mineralized in the Iowa surface soils in 14 weeks at 20 and 30°C 
ranged from 1.2 to 9.8% and 2.4 to 17.5%/ respectively. The corre­
sponding values for the Chilean soils ranged from 0.9 to 7.2% and 
from 1.4 to 12.1%. The ratios of the percentages of organic S min­
eralized at 30°C to those mineralized at 20°C ranged from 1.3 to 5.2 
for the Iowa surface soils, and from 1.5 to 2.6 for the Chilean surface 
soils. The values calculated from the ratio of the slope of the 
linear regression equation obtained for the results of S mineralization 
vs time at 30°C to those of S mineralized at 20°C ranged from 1.7 to 4.4 
for the Iowa surface soils and from 1.7 to 3.1 for the Chilean surface 
soils. The cumulative S mineralized at 20°C in 14 weeks was signifi­
cantly correlated with cumulative N mineralized (linear model r = 0.72**; 
quadratic model r = 0.84**). Similarly, cumulative S mineralized at 
30°C was significantly correlated with cumulative N mineralized at 
this temperature (linear model r = 0.81***; quadratic model r = 0.87***). 
The potentially mineralizable S (S^) calculated by using an ex­
ponential equation from the S yields of 3 croppings of corn grown in 
Iowa surface spils ranged from 4 to 18 mg kg ^ and from 3 to 16 mg kg ^ 
for 4 cuttings of ryegrass. The corresponding values calculated by 
using the reciprocal plot ranged from 4 to 16 mg kg ^ for corn and 
-1 from 4 to 22 mg kg for ryegrass. 
In general, the results obtained for these two crops by the expo­
nential equation were similar to those calculated by using the re­
ciprocal plot technique. However, these values differ from the S values 
o 
calculated from S uptake by corn and ryegrass on the Chilean soils. 
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The values calculated by the reciprocal or exponential plot tech­
niques for the Iowa surface soils by using the S yield of soybean 
differed from the values calculated from the S yields of the other two 
crops. The values calculated by using the S yield for three 
croppings of soybean ranged from 4 to 73 mg kg ^ and from 4 to 87 
mg kg ^ by using the exponential equation and reciprocal plot technique, 
respectively. Also, the two equations used gave markedly different 
values for each of the Chilean soils. 
The results obtained for S yields or S mineralization for some 
soils did not obey the exponential equation; convergence of the non­
linear model did not occur by using 50 iterations. Similarly, the results 
obtained from the leaching columns, especially at 30°C, did not obey 
the exponential equation or the reciprocal plot model, and could not 
be calculated. The S mineralization rate constant (k) and the time 
required to mineralize 50% of (K^) calculated by using the S yields 
of corn, soybeans, ryegrass, and SO^ released during 14 weeks of 
incubation varied considerably among the soils and method used. 
Statistical analysis showed that the dry matter and S yields of 
corn and soybeans (tops + roots) and ryegrass (tops) were not signifi­
cantly correlated with S^ calculated from the SO^-S mineralized during 
14 weeks in soils incubated at 20 or 30°C by using the exponential equa­
tion or reciprocal plot technique. 
4. In general, the dry matter or S yields of corn tops and roots 
and their ratios decreased with successive cropping. The cumulative dry 
matter yields or S yields of soybean tops produced in three croppings of 
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soybeans were greater than the soybean roots. In general, the dry matter 
and S yield for tops and roots of soybean were similar for the first 
and third croppings, but lower in the second. In addition, the tops/ 
roots ratios of corn and soybean decreased with successive croppings. 
Similarly, both the dry matter yields and S yields decreased with suc­
cessive (four), cuttings of ryegrass. 
Among the chemical indexes evaluated, the values obtained by ex­
traction of inorganic and/or organic SO^-S with 0.1 M LiCl, 0.15% CaCl^, 
500 mg L ^ P as CafHgPO^jg, or 0.5 M NaHCo^ showed the highest correla­
tion for the relationships between these indexes and S yield of tops + 
roots of corn (r = 0.96***, LiCl; r = 0.94***, CafHgPO^Jg; r = 0.97***, 
NaHCOg) and soybean (r = 0.84***, LiCl; 0.81***, CaCH^PO^)^; r = 0.86***, 
NaHCOg). These relationships showed that the Iowa and Chilean soils 
behaved similarly (one regression line) for the relation between dry 
matter yield (tops + roots) of corn and soybean and the S values obtained 
by these extractants. The S values obtained by the chemical methods 
were not significantly correlated with dry matter yield (tops + roots) 
of corn and soybean. Two regression lines were obtained (one for each of 
Iowa and Chilean soils) for the relationships between S yield of corn 
(tops + roots) and inorganic SO^-S extracted with LiCl (r = 0.83***, Iowa 
soils; r = 0.97***, Chilean soils) and with Ca(H2P0^)2 (r = 0.82***, Iowa 
soils; r = 0.98***, Chilean soils). As with the corn S yields, two re­
gression lines were obtained for the relationships between S yield of 
soybean (tops + roots) and inorganic SO^-S extracted with LiCl (r = 
0.82***, Iowa soils; r = 0.85** Chilean soils) and with Ca(H2P0^)2 
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(r = 0.75**, Iowa soils; r = 0.86*, Chilean soils). The NaHCO^ 
extractable S was significantly correlated with the S yield of corn 
(r = 0.91***) and soybean (r = 0.81***), respectively; but the dry 
matter yields were not significantly correlated with this chemical 
index. 
As was the relationship with S yields of corn and soybean, the 
amount of SO^ extracted with LiCl, Cadi^PO^)^/ or NaHCO^ was sig­
nificantly correlated with dry matter or S yield of four cuttings of 
ryegrass. The correlation coefficients for the relationships between 
dry matter yield and the S0^~ extracted with LiCl or CaCH^PO^)^ for Iowa 
and Chilean surface soils are as follows: LiCl (r = 0.91***, Iowa soils; 
r = 0.75*, Chilean soils) and Ca(H2P0^)2 (r = 0.84***, Iowa soils; r = 
0.76*, Chilean soils). The corresponding values for the relationship 
between S yield of ryegrass and these chemical indexes were; LiCl (r = 
0.90***, Iowa soils; 0.92***, Chilean soils) and CafHgPO^jg (r = 0.88***, 
Iowa soils; 0.94**, Chilean soils). A single .regression line was ob­
tained for the relationship between dry matter yield (r = 0.72**) or S 
yield (r = 0.86**) of ryegrass and NaHCO^ extractable S. 
The relationship between S yields of three croppings of corn and 
soybean (tops + roots) and ryegrass (tops) grown in Iowa and Chilean 
surface soils were significantly correlated with the amount of S min­
eralized in 14 weeks at 20 or 30°C. However, these relationships showed 
that Iowa and Chilean soils did not behave similarly, and two regression 
lines were obtained (one for each of the Iowa and Chilean soils). .The 
cumulative S mineralized at 20 or 30°C in the Iowa soils was significantly 
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correlated with S yield (tops + roots) of corn (r = 0.67**, 20°C; 
r = 0.78**, 30°C) and of soybean (r = 0.76**, 20°C; r = 0.81***, 
30°C) and with ryegrass tops (r = 0.87***, 20°C; r = 0.84***, 30°C). 
In general, the corresponding values for the Chilean surface soils 
were also significantly correlated but lower in r values. 
Statistical analysis showed that the values obtained with several 
of the chemical indexes were significantly correlated with the values 
obtained by the biological methods (the r values ranged from 0.74*** 
to 0.79*** for 20°C incubation and from 0.67** to 0.79*** for 30°C). 
The highest r values, however, were for the relationship between the 
chemical indexes and cumulative S mineralized at 20°C. 
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APPENDIX 
Table 27. Dry matter yields, total S, and S yields of above ground parts of three croppings of 
corn grown in soils under greenhouse conditions (R = replication) 
Soil 
Cropping 
no. 
Dry matter yield 
RI RII RIII RI 
Total S 
RII RIII 
S yield 
RI RII RIII 
Iowa soils 
-g pot -1 
-%- -mg S pot 
-1 
Ida 1 1.37 0.98 1.18 0.074 0.079 0.081 1.02 0.782 0.955 
2 0.938 0.851 0.788 0.068 0.066 0.067 0.638 0.562 0.528 
3 0.610 0.568 0.649 0.072 0.062 0.067 0.439 0.352 0.435 
Hayden 1 1.10 1.16 1.02 0.087 0.074 0.078 0.962 0.855 0.800 
2 0.916 0.748 0.706 0.067 0.064 0.069 0.611 0.479 0.498 
3 0.549 0.557 0.554 0.074 0.080 0.082 0.406 0.446 0.454 
Downs 1 2.04 1.77 1.93 0.127 0.127 0.129 2.58 2.25 2.50 
2 0.915 0.872 0.681 0.076 0.085 0.088 0.695 0.741 0.599 
3 0.590 0.600 0.680 0.095 0.082 0.089 0.561 0.492 0.605 
Luther 1 1.41 1.38 1.38 0.088 0.070 0.081 1.24 0.965 1.11 
2 0.666 0.844 0.628 0.077 0.052 0.079 0.513 0.439 0.496 
3 0.636 0.554 0.659 0.079 U.080 0.069 0.502 0.443 0.455 
Fayette 1 2.28 2.14 2.00 0.089 0.088 0.086 2.03 1.89 1-72 
2 1.32 1.19 0.927 0.080 0.066 0.077 1.02 0-785 0.714 
3 0.933 0.865 1.04 0.090 0.084 0.086 0.840 0.727 0.894 
Tama 1 2.18 1.83 2.08 0.164 0.160 0.164 3.57 2.94 3.42 
2 0.796 0.891 0.823 0.121 0.067 0.125 0.963 0.597 1.03 
3 0.746 0.629 0.809 0.096 0.100 0.075 0.716 0-629 0.607 
Lester 1 2.22 1.61 2.05 0.073 0.080 0.081 1.62 1-29 1-66 
2 0.773 0.924 0.444 0.077 0.076 0.105 0.597 0.717 0-466 
3 0.790 1.12 0.778 0.090 0.080 0.083 0.711 0.898 0-646 
Table 27. (Continued) 
Dry matter yield 
Cropping 
Soil no. RI RII RIII RI 
g pot 
Clarion 1 1.71 1.51 1.72 0.092 
2 0.889 0.848 0.824 0.104 
3 0.807 0.775 0.780 0.097 
Muscatine 1 1.59 1.32 1.55 0.072 
2 0.895 0.945 0.920 0.084 
3 0.905 1.08 1102 0.088 
Nicollet 1 1.70 1.50 1.72 0.081 
2 1.13 1.26 1.04 0.071 
3 0.955 0.851 0.832 0.075 
Harps 1 2.57 1.37 1.25 0.080 
2 0.990 0.720 0.770 0.145 
3 1.16 0.940 1.00 0.100 
Okobo3 i 1 1.95 1.65 1.78 0.100 
2 1.02 1.14 0.819 0.093 
3 0.797 0.779 0.700 0.096 
Canisteo 1 1.48 1.53 1.55 0.083 
2 1.16 0.843 0.976 0.071 
3 0.810 0.704 0.838 0.086 
Chilean soils 
Alhue 1 3.06 2.91 2.91 0.101 
2 1.80 1.78 1.79 0.090 
3 1.14 1.14 1.28 0.109 
Total S S yield 
RII RIII RI RII RIII 
mg S pot -1 —% 
0.091 
0.076 
0.079 
0.088 
0.050 
0.081 
0.081 
0.069 
0.078 
0.074 
0.067 
0.076 
0.109 
0.078 
0 . 0 8 2  
0.073 
0.074 
0.070 
0.102 
0 .088  
0.104 
0.081 
0.094 
0.089 
0.083 
0.090 
0.077 
0.078 
0.079 
0.079 
0.073 
0.080 
0.075 
0.093 
0.125 
0.058 
0.066 
0.070 
0.073 
0.106 
0.084 
0.104 
1.62 
0.925 
0.783 
1.15 
0.752 
0.796 
1.37 
0.799 
0.716 
2.05 
1.44 
1.16 
1.96 
0.949 
0.670 
1.23 
0.824 
0.697 
3.07 
1.62 
1.24 
1.38 
0.644 
0.612 
1.16 
0.469 
0.875 
1.22 
0.869 
0.664 
1.01 
0.482 
0.714 
1.80 
0.889 
0.639 
1.12 
0.624 
0.493 
2.95 
1.57 
1.19 
1.40 
0.775 
0.694 
1.29 
0.828 
0.785 
1.34 
0 .822  
0.657 
0.911 
0.616 
0.750 
1.65 
1.02 
0.406 
1.01 
0.683 
0.612 
3.07 
1.50 
1.33 
Table 27. (Continued) 
Soil 
Cropping 
no. 
Dry matter yield 
RI RII RIII RI 
Total S 
RII RIII RI 
S yield 
RII RIII 
-q pot -%- -mg S pot 
-1 
Constitucion 1 1.39 1.74 1.82 0.115 0.102 0.089 1.60 1.78 1.62 
2 1.45 1.36 1.67 0.107 0.086 0.086 1.55 1.17 1.44 
3 0.810 0-807 0.747 0.095 0.090 0.100 0.770 0.724 0.747 
Maipo 1 2.12 2.32 2.15 0.216 0.220 0.202 4.57 5.09 4.33 
2 1.77 1.50 1.61 0.256 0.211 0.235 4.53 3.17 3.78 
3 1.24 1.34 1.37 0.226 0.216 0.239 2.80 2.89 3.27 
Agua del Gato 1 1.92 2.01 2.23 0.251 0.218 0.212 4.83 4.39 4.74 
2 1.50 1.74 1.35 0.257 0.312 0.295 3.84 5.43 3.98 
3 1.47 1.04 0.944 0.365 0.373 0.434 5.37 3.88 4.15 
Collipulli 1 1.18 1.09 1.54 0.104 0.126 0.101 1.23 1.37 1.56 
2 1.49 1.19 1.08 0.089 0.102 0.094 1.33 1.21 1.02 
3 0.470 0.811 0.614 0.097 0.091 0.092 0.456 0.738 0.565 
Santa Barbara 1 2.52 2.81 1.97 0.100 0.088 0.102 2.53 2.45 2.02 
2 2.12 2.12 2.14 0.053 0.091 0.091 1.11 1.93 1.95 
3 1.17 1.26 1.19 0.099 0.105 0.090 1.16 1.32 1.07 
Osorno 1 1.88 1.90 2.12 0.133 0.116 0.098 2.51 2.21 2.09 
2 2.61 2.36 2.37 0.080 0.078 0.082 2.09 1.84 1.95 
3 1.47 1.26 1.56 0.102 0.106 0.095 1.50 1.34 1.48 
Table 28. Dry matter yields, total S, and S yields of roots of three croppings of corn grown in 
soils under greenhouse conditions (R = replication) 
Soil 
Cropping 
no. 
Dry matter yield 
RI RII RIII RI 
Total S 
RII RIII RI 
S yield 
RII RIII 
Iowa soils 
-g pot -1 
-%- -mg S pot -1 
Ida 1 1.35 1.09 1.13 0.111 0.112 0.107 1.50 1.22 1.21 
2 0.959 0.916 0.808 0.088 0.088 0.093 0.844 0.806 0.751 
3 0.663 0.908 0.790 0.093 0.090 0.110 0.617 0.817 0.869 
Hàyden 1 0.830 0.969 1.38 0.100 0.094 0.091 0.830 0.911 1.26 
2 0.750 0.604 0.610 0.096 0.086 0.087 0.720 0.519 0.531 
3 0.749 0.766 0.668 0.098 0.103 0.117 0.734 0.789 0.782 
Downs 1 1.44 1.30 1.22 0.139 0.128 0.132 2.00 1.66 1.61 
2 0.917 0.740 0.650 0.096 0.136 0.107 0.880 1.00 0.696 
3 0.810 0.839 0.900 0.107 0.087 0.099 0.867 0.730 0.891 
Luther 1 1.33 1.15 1.10 0.108 0.092 0.109 1.44 1.06 1.20 
2 0.556 0.753 0.677 0".o07 0.088 0.093 0.595 0.663 0.630 
3 1.07 0.865 0.916 0.089 0.101 0.091 0.952 0.874 0.843 
Fayette 1 1.83 1.75 1.60 0.113 0.107 0.091 2.07 1.87 1.46 
2 1.37 1.04 0.870 0.078 0.088 0.077 1.07 0.894 0.670 
3 1.20 1.12 1.48 0.097 0.084 0.087 1.16 0.941 1.29 
Tama 1 1.57 1.35 1.40 0.155 0.164 0.171 2.43 2.21 2.39 
2 0.742 0.654 0.636 0.149 0.145 0.144 1.11 0.948 0.916 
3 1.16 1.01 0.963 0.100 0.107 0.116 1.16 1.08 1.12 
Lester 1 1.85 2.13 2.05 0.090 0.086 0.092 1.67 1.83 1.89 
2 0.826 0.991 0.542 0.098 0.086 0.118 0.809 0.852 0.640 
3 1.29 1.40 1.23 0.081 0.085 0.078 1.04 1.19 0.959 
Table 28. (Continued) 
Cropping Dry matter yield 
Soil no. RI RII RIII 
-1 
-g pot -
Clarion 1 1.69 1.73 1.64 
2 0.803 0.982 0.817 
3 1.12 1.16 1.09 
Muscatine 1 1.90 1.55 1.66 
2 0.944 0.907 1.05 
3 1.26 1.33 1.17 
Nicollet 1 1.69 1.35 1.50 
2 1.17 1.08 1.02 
3 1.28 1.15 1.32 
Harps 1 1.40 1.22 1.67 
2 0.941 0.876 0.950 
3 1.30 1.11 1.32 
Okoboj i 1 1.59 1.72 1.71 
2 , 0.962 1.01 0.829 
3 1.32 1.09 1.07 
Canisteo 1 1.87 1.65 1.57 
2 1.12 0.873 0.969 
3 1.10 1.23 1.17 
Chilean soils 
Alhue 1 2.25 2.13 1.91 
2 1.30 1.20 1.31 
3 1.18 1.07 1.07 
RI RII RIII RI RII RIII 
-1 
mg S pot 
0.083 
0.098 
0.098 
0.096 
0.098 
0.091 
0.083 
0.083 
0.080 
0.066 
0.142 
0.096 
0.096 
0.092 
0.093 
0.078 
0.075 
0.093 
0.100 
0.093 
0.115 
0.086 
0.069 
0.092 
0,107 
0.098 
0.096 
0.086 
0.071 
0.090 
0.085 
0.077 
0.085 
0.077 
0.093 
0.099 
0.087 
0.073 
0 .062  
0.100 
0.096 
0.113 
0.094 
0.097 
0.087 
0.102 
0.094 
0.096 
0.076 
0.083 
0.084 
0.123 
0.076 
0.077 
0.108 
0.098 
0.100 
0.091 
0.082  
0.093 
0.088 
0.088 
0.102 
1.40 
0.787 
1.10 
1.82 
0.925 
1.15 
1.40 
0.971 
1.02 
0.924 
1.34 
1.23 
1.53 
0.885 
1.23 
1.46 
0-840 
1.02 
2.25 
1.21 
1.36 
1.49 
0.678 
1.07 
1.66 
0.889 
1 .28  
1.16 
0.767 
1.04 
1.04 
0.675 
0.944 
1.32 
0.939 
1.08 
1.44 
0.637 
0.763 
2.13 
1.15 
1.21 
1.54 
0.792 
0.948 
1.69 
0.987 
1.12 
1.14 
0.847 
1.11 
2.05 
0.722 
1.02 
1.85 
0.812 
1.07 
1.43 
0.795 
1.09 
1.68 
1.15 
1.09 
Table 28. (Continued) 
Soil 
Cropping 
no. 
Dry matter yield Total S S yield 
RI RII RIII RI RII RIII RI RII RIII 
-g pot -1 
Constitucion 1 1.34 1.59 1.47 0.071 
2 1.00 1.00 1.14 0.104 
3 0.900 0.860 0.758 0.119 
Maipo 1 1.58 1.34 1.51 0-395 
2 1.16 1.21 1.15 0.254 
3 1.29 1.04 1.34 0.222 
Agua del Gato 1 0.982 1.36 1.34 0.472 
2 1.03 1.27 1.02 0.537 
3 1.33 1.04 0.868 0.561 
Collipulli 1 1.56 1.19 1.26 0.073 
2 1.23 1.00 0.776 0.091 
3 0.860 1.03 0.869 0.099 
Santa Barbara 1 2.14 2.33 1.83 0.094 
2 1.96 2.34 1.94 0.078 
3 1.56 1.88 1.77 0.093 
Osorno 1 2.26 1.92 2.23 0.078 
2 1.95 1.83 1.94 0.081 
3 1.77 1.75 1.95 0.097 
0.122 
0.096 
0.106 
0.407 
0.271 
0.181 
0.483 
0.635 
0.499 
0.105 
0.089 
0.074 
0.096 
0.070 
0 .082  
0.094 
0.084 
0.085 
-mg S pot 
-1 
0.133 0.951 1.78 1.66 
0.093 1.04 0.960 1.06 
0.096 1.07 0.912 0.728 
0.370 6.24 5.45 5.59 
0.218 2.95 3.28 2.51 
0.212 2.86 1.88 2.84 
0.470 4.64 6.57 6.30 
0.548 5.53 8.06 5.56 
0.480 2.46 5.19 4.17 
0.125 1.14 1.25 1.58 
0.104 1.12 0.890 0.807 
0.103 0.851 0.762 0.895 
0.088 2.01 2.24 1.61 
0.085 1.53 1.64 1.65 
0.098 1.45 1.54 1.73 
0.093 1.76 1.80 2.07 
0.079 1.58 1.54 1.53 
0.100 1.72 1.51 1.95 
Table 29. Dry matter yields, total S, and S yields of above ground parts of three croppings of 
soybean grown in soils under greenhouse conditions (R = replication) 
Soil 
Cropping 
no. 
Dry matter yield 
RI RII RIII RI 
Total S 
RII RIII RI 
S yield 
RII RIII 
Iowa soils 
-g pot -1 -mg S pot -1 
Ida 1 2.75 2.75 2.62 0.104 0.082 0.091 2.86 2.26 2.38 
2 2.22 2.51 2.09 0.066 0.075 0.063 1.47 1.88 1.32 
3 4.05 4.02 3.83 0.058 0.050 0.051 2.35 2.01 1.95 
Hayden 1 2.41 2.53 2.43 0.081 0.080 0.086 1.95 2.02 2.09 
2 1.82 1.60 1.75 0.083 0.069 0.067 1.51 1.10 1.17 
3 3.14 2.83 2.81 0.054 0.053 0.058 1.70 1.50 1.63 
Downs 1 3.19 2.62 2.47 0.141 0.166 0.170 4.50 4.35 4.20 
2 2.56 1.20 2.24 0.155 0.218 , 0.199 3.97 2.62 4.46 
3 5.10 6.01 5.63 0.065 0.065 0.068 3.32 3.91 3.83 
Luther 1 2.61 2.69 2.49 0.085 0.088 0.086 2.22 2.37 2.14 
2 1.80 1.84 1.84 0.067 0.066 0.065 1.21 1.21 1.20 
3 3.49 3.44 3.28 0.061 0.053 0.056 2.13 1.82 1.84 
Fayette 1 4.57 4.50 4.25 0.073 0.078 0.094 3.34 3.51 4.00 
2 2.28 2.35 2.22 0.077 0.076 0.071 1.76 1.79 1.58 
3 3.80 4.85 4.00 0.056 * 0.058 0.057 2.13 2.81 2.28 
Tama 1 2.98 2.98 3.07 0.200 0.176 0.199 5.96 5.24 6.11 
2 2.99 2.88 2.61 0.121 0.123 0.124 3.62 3.54 3.24 
3 4.08 3.92 3.82 0.063 0.057 0.066 2.57 2.23 2.52 
Lester 1 4.08 3.70 3.81 0.061 0.072 0.072 2.49 2.66 2.74 
2 2.13 2.44 2.24 0.068 0.072 0.062 1.45 1.76 1.39 
3 4.05 3.74 3.79 0.058 0.057 0.058 2.35 2.13 2.20 
Table 29. (Continued) 
cropping Dry matter yield 
no. RI RII RIII Rl 
-1 
:g pot 
Clarion 1 3.40 3.29 3.45 0.087 
2 2.11 2.09 1.91 0.082 
3 3.48 3.63 4.02 0.060 
Muscatine 1 3.27 3.53 3.48 0.073 
2 2.29 2.21 2.58 0.071 
3 4.36 4.52 4.24 0.059 
Nicollet 1 3.51 3.75 3.62 0.066 
2 1.06 1.04 2.43 0.122 
3 3.42 3.23 4.43 0.086 
Harps 1 3.04 2.84 3.19 0.068 
2 1.77 2.11 2.06 0.075 
3 4.22 3.86 3.42 0.051 
Okoboj i 1 3.37 3.37 3.01 0.122 
2 1.65 1.01 0.949 0.102 
3 4.44 4.33 4.22 0.062 
Canisteo 1 3.69 3.58 3.55 0.064 
2 1.73 2.04 2.12 0.068 
3 3.48 3.53 3.45 0.049 
Chilean soils 
Alhue 1 4.59 4.43 5.00 0.089 
2 2.64 2.46 2.45 0.103 
3 4.40 4.44 3.90 0.085 
Total S 
RII RIII 
S yield 
RI RII RIII 
—% 
0.062 0.099 
0.088 0.064 
0.064 0.053 
0.059 0.080 
0.083 0.077 
0.055 0.058 
0.053 0.072 
0.106 0.075 
0.080 0.058 
0.063 0.091 
0.065 0.072 
0.053 0.054 
0.105 0.152 
0.158 0.190 
0.058 0.063 
0.060 0.072 
0.070 0.063 
0.056 0.053 
0.099 0.100 
0.103 0.094 
0.088 0.098 
-1 
•mg S pot 
2.96 2.04 3.42 
1.73 1.84 1.22 
2.09 2.32 2.13 
2.39 2.08 2.78 
1.63 1.83 1.99 
2.57 2.49 2.46 
2.32 1.99 2.61 
1.29 1.10 1.82 
2.94 2.58 2.57 
2.07 1.79 2.90 
1.33 1.37 1-48 
2.15 2.05 1.85 
4.11 3.54 4.58 
1.68 1.60 1.80 
2.75 2.51 2.66 
2.36 2.15 2.56 
1.18 1.43 1.34 
1.71 1.98 1.83 
4.09 
2.72 
3-74 
4.39 
2.53 
3.91 
5.00 
2.30 
3.82 
Table 29. (Continued) 
Soil 
Cropping 
no. 
Dry matter yield 
RI RII RIII RI 
Total S 
RII RIII 
S yield 
RI RII RIII 
—g pot 
-%- -mg S pot 
-1 
Constitucion 1 2.70 2.25 2.20 0.120 0.139 0.147 3.24 3.13 3.23 
2 2.10 2.01 1.88 0.097 0.102 0.105 2.04 2.05 0.197 
3 2.77 2.57 2.47 0.067 0.088 0.076 1.86 2.26 1.88 
Maipo 1 3.24 3.14 3.05 0.232 0.240 0.249 7.52 7.54 7.59 
2 2.25 2.56 1.50 0.217 0.181 0.324 4.88 4.63 4.86 
3 2.90 3.26 3.71 0.321 0.285 0.263 9.31 9.29 9.76 
Agua del Gato 1 3.95 4.02 3.62 0.175 0.147 0.208 6.91 5.91 7.53 
2 0.900 1.71 1.64 0.420 0.240 0.311 3.78 4.10 5.10 
3 4.45 3.84 4.20 0.185 0.198 0.208 8.23 7.60 8.74 
Collipulli 1 3.29 2.40 2.86 0.090 0.115 0.092 2.96 2.76 2.63 
2 1.75 1.63 2.01 0.088 0.083 0.075 1.54 1.35 1.51 
3 2.58 3.23 2.67 0.058 0.067 0.074 1.50 2.16 1.98 
Santa Barbara 1 5.00 5.60 5.10 0.114 0.087 0.125 5.70 4.87 6.38 
2 3.09 3.29 2.83 0.076 0.084 0.076 2.35 2.76 2.15 
3 4.41 4.67 4.50 0.068 0.066 0.066 3.00 3.08 2.97 
Osorno 1 4.48 4.91 4.15 0.120 0.084 0.100 5.38 4.12 4.15 
2 3.52 3.33 3.70 0.076 0.086 0.076 2.68 2.86 2.81 
3 4.53 4.35 4.09 0.068 0.069 0.075 3.08 3.00 3.07 
Table 30. Dry matter yields, total S, and S yields of roots of three croppings of soybean 
grown in soils under greenhouse conditions (R = replication) 
Soil 
Cropping -
no. RI 
Dry matter yield 
RII RlII RI 
Total S 
RII RIII 
S yield 
RI RII RIII 
-g pot -1 -mg S pot -1 
Iowa soils 
Ida 1 0.648 0.751 0.722 0.103 0.088 0.100 0.667 0.661 0.722 
2 0.706 0.916 0.721 0.079 0.097 0.084 0.558 0.889 0.606 
3 1.44 1.33 1.23 0.064 0.062 0.064 0.922 0.825 0.787 
Hayden 1 0.530 0.506 0.496 0.098 0.121 0.100 0.519 0.612 0.496 
2 0.449 0-539 0.591 0.076 0.077 0.079 0.341 0.415 0.467 
3 1.17 1.14 1.05 0.059 0.069 0.059 0.690 0.787 0.618 
Downs 1 0.667 0.682 0.677 0.101 0.105 0.103 0.674 0.716 0.697 
2 0.509 0.480 0.447 0.170 0.144 0.188 0.865 0.691 0.527 
3 1.38 1.37 1.28 0.061 0.069 0.060 0.842 0.945 0.768 
Luther 1 0.483 0.620 0.500 0.125 0.088 0.085 0.604 0.546 0.425 
2 0.453 0.509 0.456 0.085 0.086 0.084 0.385 0.438 0.383 
3 1.37 1.20 
H
 
H
 0.068 0.073 0.070 0.932 0.876 0.819 
Fayette 1 0.963 1.05 0.969 0.088 0.095 0.095 0.847 0.998 0.921 
2 0.615 0.762 0.621 0.088 0.086 0.096 0.541 0.655 0.596 
3 1.25 1.41 1.39 0.088 0.060 0.065 0.825 0.846 0.904 
Tama 1 0.481 0.623 0.520 0.200 0.187 0.209 0.960 1.17 1.09 
2 0.783 0.759 0.709 0.095 0.103 0.113 0.744 0.782 0.800 
3 1.32 1.17 1.28 0.079 0.063 0.070 1.04 0.737 0.896 
Lester 1 0.933 0.840 0.900 ' 0.093 0.103 0.081 0.868 0.865 0.729 
2 0.644 0.757 0.633 0.080 0.075 0.085 0.515 0.568 0.538 
3 1.43 1.16 1.22 0.063 0.075 0.064 0.901 0.870 0.781 
Table 30. (Continued) 
Soil 
Cropping 
no. 
Dry matter yield 
RI RII RIII 
-g pot -1 
Clarion 1 0.805 0.800 0.783 
2 0.613 0.737 0.440 
3 1.30 1.39 1.32 
Muscatine 1 0.941 0.967 0.960 
2 0.666 0.806 0.809 
3 1.40 1.44 1.36 
Nicollet 1 0.820 0.828 0.755 
2 0.377 0.285 0.752 
3 0.790 0.848 1.35 
Harps 1 0.758 0.726 0.800 
2 0.585 0.714 0.788 
3 1.38 1.35 1.47 
Okoboj i 1 0.665 0.714 0.535 
2 0.490 0.314 0.235 
3 1.42 1.11 0.937 
Canisteo 1 0.800 0.880 0.774 
2 0.620 0.703 0.700 
3 1.39 1.26 1.25 
Chilean soils 
Alhue 1 1.00 0.943 1.07 
2 0.778 0.845 0.746 
3 1.27 1.32 1.21 
Total S S yield 
RII RIII RI RII RIII 
___ 
-mg S pot 
lO 
0.082 0.082 0.596 0.656 0.642 
0.099 0.081 0.588 0.730 0.356 
0.066 0.066 0.871 0.917 0.871 
0.092 0.099 0.988 0.890 0.950 
0.094 0.090 0.519 0.758 0.728 
0.071 0.076 0.994 1.02 1.03 
0.083 0.086 0.697 0.687 0.649 
0.092 0.089 0.287 0.262 0.669 
0.078 0.066 0.514 0.661 0.891 
0,098 0.088 0.493 0.711 0.704 
0.091 0.083 0.480 0-650 0.654 ^ 
0.062 0.091 0.911 0.837 1.34 
0.114 0.144 0.825 0.814 0.770 
0.172 0.195 0.559 0.540 0.458 
0.085 0.080 1.00 0.944 0.750 
0.081 0.070 0.648 0.713 0.542 
0.080 0.087 0.608 0.562 0.609 
0.075 0.069 0.916 0.945 0.863 
0.161 0.160 1.40 1.52 1.71 
0.111 0.156 0.902 0.939 1.16 
0.087 0.106 1.36 1.15 1.28 
Table 30. (Continued) 
Soil 
Cropping 
no. 
Dry matter yield 
RI RII RIII RI 
Total S 
RII RIII 
S yield 
RI RII RIII 
-g pot -1 -mg S pot -1 
Constitucion 1 0.695 0.421 0.400 0.085 0.147 0.126 0.591 0.619 0.504 
2 0.621 0.591 0.541 0.098 0.095 0.118 0.609 0.561 0.638 
3 1.15 0.942 0.940 0.080 0.065 0.072 0.920 0.612 0.677 
Maipo 1 0.435 0.472 0.467 0.288 0.359 0.455 1.25 1.69 2.12 
2 0.480 0.578 0.530 0.393 0.367 0.380 1.89 2.12 2.01 
3 0.687 0.740 1.12 0.270 0.236 0.256 1.85 1.73 2.87 
Agua del Gato 1 0.800 0.732 0.674 0.330 0.307 0.379 2.64 2.25 2.55 
2 0.536 0.630 0.465 0.400 0.367 0.481 2.14 2.31 2.24 
3 1.52 1.37 1.22 0.382 0.357 0.331 5.81 4.89 4.04 
Collipulli 1 0.808 0.615 0.807 0.088 0.096 0.105 0.711 0.590 0.847 
2 0.490 0.646 0.612 0.089 0.086 0.097 0.436 0.556 0.594 
3 .0.986 1.17 1.02 0.085 0.083 0.081 0.838 0.948 0.826 
Santa Barbara 1 1.37 1.48 1.51 0-104 0.109 0.108 1.42 1.61 1.63 
2 1.26 1.21 1.21 0.102 0.088 0.067 1.29 H
 
O
 
0.811 
3 1.68 1.55 1.46 0.080 0.072 0.095 1.34 1.12 1.39 
Osorno 1 1.28 1.19 1.14 0.104 0.113 0.111 1.33 1.34 1.27 
2 1.11 1.28 1.22 0.115 0.100 0.111 1.28 1.28 1.35 
3 1.96 1.66 1.56 0.068 0.094 0.078 1.33 1.56 1.22 
Table 31. Dry matter yields, total S, and S yii 
soils under greenhouse conditions (R 
Dry matter yield 
Cropping ^ 
Soil no. RI RII RIII 
Iowa soils 
Ida 
Hayden 
Downs 
Luther 
Fayette 
Tama 
. —1 
-g pot -
1 0.910 0.936 0.879 
2 0.550 0.573 0-506 
3 0.153 0.136 0.188 
4 0.140 0.065 0.066. 
1 0.883 0.710 0.744 
2 0.600 0.556 0.488 
3 0.129 0.128 0.160 
4 0.046 0.062 0.059 
1 0-715 0.722 0.675 
2 0.953 1.01 0.884 
3 0.420 0.440 0.485 
4 0.303 0.230 0.287 
1 0.969 0.775 0-935 
2 0.577 0.646 0-569 
3 0.141 0.235 0.182 
4 0.121 0.078 0.119 
1 1.11 1.10 1.08 
2 0.763 0.713 0.776 
3 0.243 0-266 0.240 
4 0.227 0-162 0.250 
1 1.17 1-22 1.09 
2 1.48 1.44 1.60 
3 0.457 0.462 0.527 
4 0.334 0.255 0.260 
s' of four cuttings of ryegrass grown in 
replication) 
Total S S yield 
RI RII RIII RI RII RIII 
-%- -mg S pot 
-1 
0.167 0-225 0.161 1.52 2.11 1.42 
0.075 0.072 0.080 0.413 0.413 0.405 
0.060 0-063 0.055 0.093 0.085 0.103 
0.066 0.072 0.097 0.093 0.047 0.064 
0.137 0.151 0.148 1.21 1.07 1.10 
0.066 0.062 0.083 0.396 0.345 0.405 
0.072 0.063 0.064 0.093 0.081 0.102 
0.081 0.065 0.061 0-037 0.039 0.036 
0.335 0-364 0.383 2-40 2.63 2.39 
0.212 0-221 0 208 2-02 2.23 1-84 
0.127 0.128 0.135 0.533 0.563 0-655 
0-095 0.067 0.107 0.288 0.154 0-307 
0.162 0.177 0.166 1.57 1.37 1.55 
0-072 0.063 0-055 0.415 0.407 0-313 
0-068 0-059 0-069 0-096 0-139 0.126 
0.064 0.052 0.071 0.077 0-040 0.085 
0.185 0-159 0.230 2.05 1.75 2.48 
0.081 0.075 0.081 0.618 0.535 0.629 
0.082 0.085 0.087 0.199 0.226 0.209 
0.095 0.090 0.085 0.216 0-146 0.213 
0.364 0.329 0.355 4.26 4.01 3.87 
0.154 0.164 0.151 2.28 2-36 2.42 
0-128 0.127 0.117 0.585 0.587 0.617 
0-116 0.112 0.093 0.387 0-286 0.242 
R>J 
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Table 31. (Continued) 
Dry matter yield 
Cropping ^ 
Soil no. RI RII RIII RI 
—1 
-g pot -
Lester 1 1.06 1.03 1.05 0.159 
2 0.727 0.675 0.711 0.071 
3 0.226 0.253 0.281 0.074 
4 0.187 0.202 0.166 0.067 
Clarion 1 0.900 0.909 0.891 0.191 
2 0.655 0.583 0.508 0.073 
3 0.214 0.223 0.212 0.065 
4 0.143 0.127 0.174 0.076 
Muscatine 1 0.911 0.905 0.868 0.212 
2 0.692 0.547 0.549 0.096 
3 0.161 0.190 0.158 0.083 
4 0.141 0.186 0.107 0.084 
Nicollet 1 0.982 0.936 0.931 0.172 
2 0.776 0.750 0.626 0.074 
3 0.243 0. 266 0.250 0.081 
4 0.228 0.165 0.200 0.075 
Harps 1 0.804 0.916 0.819 0.145 
2 0.513 0.522 0.440 0.073 
3 0.138 0.177 0.175 0.069 
4 0.161 0.113 0.193 0.078 
Okoboji 1 1.05 0.978 0.939 0.203 
2 0.827 0.844 0.784 0.085 
3 0.226 0.273 0.228 0.088 
4 0.315 0.208 0.181 0.079 
Total S S yield 
RII RIII RI RII RIII 
% •mg S pot 1 
0.173 0.197 1.69 1.78 2.07 
0.074 0.076 0.516 0.500 0.540 
0.075 0.071 0.167 0.190 0.200 
0.082 0.084 0.125 0.166 0.139 
0.189 0.163 1.72 1.72 1.45 
0.068 0.076 0.478 0.396 0.386 
0.077 0.067 0.139 0.172 0.142 
0.073 0.078 0.109 0.093 0.136 
0.194 0.197 1.93 1.76 1.71 
0.072 0.088 0.664 0.394 0.483 
0.076 0.065 0.134 0.144 0.103 
0.080 0.085 0.184 0.149 0.091 
0.157 0.178 ' 1.69 1.47 1.66 
0.066 0.084 0.574 0.495 0.526 
0.072 0.059 0.197 0.192 0.148 
0.070 0.085 0.171 0.116 0.170 
0.153 0.155 1.17 1.40 1.27 
0.069 0.069 0.374 0.360 0.304 
0.073 0.069 0.095 0.129 0-121 
0.106 0.066 0.126 0.120 0.127 
0.187 0.225 2.13 1.83 2.11 
0.093 0.091 0.703 0.785 0.713 
0.089 0.053 0.199 0.243 0.121 
0.099 0.076 0.249 0.206 0.138 
M O M 
Table 31. (Continued) 
Dry matter yield 
Cropping ^ 
Soil no. RI RII RIII 
—1 
-g pot -
Canisteo 1 0.952 0.935 0.853 
2 0.619 0.554 0.628 
3 0.160 0.163 0.232 
4 0.106 0.100 0.066 
Chilean soils 
Alhue 1 1.30 1.30 1.21 
2 1.08 1.17 1.05 
3 0.367 0.488 0.470 
4 0.400 0.419 0.476 
Constitucion 1 1.23 1.21 1.11 
2 0.827 0.802 0.689 
3 0.355 0.251 0.282 
4 0.241 0.180 0.252 
Maipo 1 1.31 H U) O 1.15 
2 1.34 1.51 1.65 
3 0.803 0.981 H O 
4 0.889 0.840 0.713 
Agua del Gato 1 1.27 1.28 1.22 
2 1.59 1.85 1.54 
3 0.885 0.925 0.945 
4 0.666 0.743 0.950 
Collipulli 1 1.04 1.00 0.904 
2 0.949 0.825 0.908 
3 0.182 0.192 0.235 
4 0.239 0.195 0.293 
Total S S yield 
RI RII RIII RI RII RIII 
0.166 
0.079 
0.068 
0.063 
% 
0.169 
0.070 
0.066 
0.074 
0.192 
0.077 
0.061 
0.070 
1.58 
0.489 
0.109 
0.067 
-mg S pot 
1.58 
0.395 
0.108 
0.074 
-1 
1.64 
0.484 
0.142 
0.046 
0.213 0.239 0.201 2.77 3. 11 2.43 
0.111 0.102 0.104 1.20 1. 19 1.09 
0.109 0.116 0.098 0.400 0. 566 0.461 
0.102 0.087 0.095 0.408 0. 365 0.452 
0.207 0.197 0.201 2.55 2. 38 2.23 
0.106 0.082 0.094 0.877 0. 658 0.648 
0.095 0.095 0.098 0.337 0. 238 0.276 
0.103 0.116 0.103 0.248 0. 209 0.260 
0.420 0.440 0.426 5.50 5 .72 4.90 
0.319 0.186 0.226 4.27 2 .81 3.73 
0.279 0-261 0.216 2.24 2 .56 2.25 
0.274 0.372 0.314 2.44 3 .12 2.24 
0.391 0.324 0.306 4.97 4 .15 3.73 
0.325 0.266 0.314 5.17 4 .92 4.84 
0.313 0.297 0.311 2.77 2 .75 2.94 
0.330 0.433 0.399 2.20 3 .22 3.79 
0.208 0.208 0.273 2.16 2 .08 2.47 
0.1 05 0.078 0.091 1.00 0 .644 0.826 
0.104 0.103 0.092 0.189 0 .198 0.216 
0.089 0.100 0.103 0.213 0 .195 0.302 
Table 31. (Continued) 
Soil 
Cropping 
no. 
Dry matter yield 
RI RII RIII RI 
Total S 
RII RII: 
S yield 
RI RII RIII 
-g pot -1 -mg S pot 
-1 
Santa Barbara 
Osorno 
1 1.47 1.53 1.41 1.177 0.243 0.295 2.60 3.72 4.16 
2 1.53 1.29 1.24 0.128 0.127 0.144 1-96 1.64 . 1.79 
3 0.283 0.250 0.241 0.127 0.139 0.125 0-359 0.348 0.301 
4 0.221 0.189 0.280 0.117 0.138 0.123 0.261 0.259 0.344 
1 1.47 1.42 1.32 0.206 0.179 0.207 3.03 2.54 2.73 
2 1.57 1.64 1.58 0.101 0.101 0.106 1.59 1.66 1.67 
3 0.513 0.639 0.626 0.120 0.113 0.109 0-616 0.722 0.682 
4 0.460 0.530 0.381 0.129 0.158 0.135 0.593 0.837 0.514 
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Table 32. Amounts of S mineralized within successive incubation 
periods (weeks) from soils incubated at 20°C under 
aerobic conditions 
S mineralized at successive incubation periods (wks) 
Soil Rep 0—2 2-4 4-6 6-8 8-10 10-12 12-14 Total 
S kg" ^ soil 
Iowa soils 
Ida 1 2.2 0.8 0.8 0.5 0.3 0.4 0.3 513 
2 1.9 1.3 0.6 0.5 0.3 0.4 0.3 513 
Hayden 1 3.0 1.3 1.1 1.0 0.9 1.1 0.9 9.3 
2 2.3 1.6 1.0 1.1 0.9 1.0 1.0 8.9 
Downs 1 4.4 2.1 1.2 1.1 1.1 1.3 1.2 12.4 
2 4.7 1.7 1.5 1.0 1.0 1.0 1.5 12.4 
Luther 1 2.0 1.3 1.2 1.0 0.8 1.1 1.7 9.1 
2 2.2 1.9 1.1 1.1 0.8 1.1 0.7 8.9 
Fayette 1 1.9 1.0 1.1 0.9 1.1 0.9 0.9 . 7.8 
2 1.7 0.7 1.1 0.9 0.9 0.8 0.8 6.9 
Tama 1 5.8 6.6 2.6 2.4 1.7 2.5 1.3 22.9 
2 5.7 6.5 2.6 1.9 1.1 2.5 1.9 22.2 
Lester 1 2.7 1.1 1.0 1.0 1.0 1.4 1.1 9.3 
2 2.1 1.2 0.9 1.3 1.0 1.3 1.3 9.1 
Clarion 1 1.9 0.6 0.5 0.7 0.7 0.7 0.9 6.0 
2 1.4 0.6 0.7 0.9 0.8 0.7 1.0 6.1 
Muscatine 1 2.6 1.6 1.3 1.2 0.9 1.2 1.1 9.4 
2 3.0 1.5 1.2 1.0 1.1 1.2 1.1 10.1 
Nicollet 1 2.7 2.0 1.1 1.4 1.6 1.8 1.4 12.0 
2 2.3 1.3 1.2 1.3 1.2 1.7 1.8 11.8 
Harps 1 2.2 1.3 0.1 0.4 0.6 0.6 0.4 5.6 
2 2.4 1.0 0.4 0.4 0.3 0.5 0.5 5.5 
Okoboji 1 2.4 1.3 1.1 1.3 1.1 1.4 1.3 9.9 
2 2.5 1.4 1.1 1.2 1.1 1.7 0.9 9.9 
Canisteo 1 1.6 3.3 0.5 0.6 0.6 0.8 0.9 8.3 
2 1.6 2.5 0.5 0.6 0.6 0.8 0.9 7.5 
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Table 32. (Continued) 
S mineralized at successive Incubation periods (wks) 
Soil Rep 0-2 2-6 4-6 6-8 8-10 10-12 12-14 Total 
S kg soil mg 
Chilean soils 
Alhue 1 3.1 1.2 1.3 0.9 0.6 1.0 0.9 9.0 
2 2.4 1.4 1.2 1.1 0.5 0.9 0.9 8.4 
Constituclon 1 4.3 2.1 1.1 1.3 0.7 0.8 0.9 11.2 
2 4.2 1.9 1.2 1.1 0.9 0.8 0.9 11.0 
Malpo 1 7.1 1.8 1.0 1.4 1.1 1.2 1.2 14.8 
2 7.0 2.0 1.3 1.3 1.3 0.9 1.5 15.3 
Agua del Gato 1 15.3 3.8 2.5 1.6 1.0 1.3 1.2 26.7 
2 15.0 4.0 2.0 2.6 0.9 1.3 1.1 26.9 
Collipulli 1 2.4 0.8 1.0 1.3 1.0 1.3 0.9 8.7 
2 2.3 1.1 1.5 1.2 0.8 1.0 1.3 9.2 
Santa Barbara 1 4.1 1.9 1.8 1.7 1.3 1.8 1.6 14.2 
2 4.1 1.9 2.2 1.7 1.5 1.4 1.2 14.0 
Osorno 1 2.1 0.9 0.8 0.9 0.9 0.7 0.9 7.2 
2 1.4 0.9 1.1 1.2 0.9 1.5 1.3 8.3 
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Table 33. Amounts of S mineralized within successive incubation 
periods (weeks) from soils incubated at 30°C under 
aerobic conditions 
S mineralized at successive incubation periods (wks) 
Soil Rep 0-2 2-4 4-6 6-8 8-10 10-12 12-14 Total 
-mg S kg soil-
Iowa soils 
Ida 1 
2 
1.0 
1 . 1  
2 . 2  
2.3 
1.5 
1.5 
1.5 
1.5 
1.7 
1.6 
1.7 
1.6 
1.3 
1.3 
1 0 . 0  
1 0 . 2  
Hayden 1 
2 
1 . 0  
1.2 
2.8 
2.9 
2.1 
2.3 
1.7 
1.8 
1.9 
2.1 
1.3 
1.2 
1.1 
1.0 
11.9 
12.5 
Downs 6 . 8  
7.6 
3.0 
3.1 
2.9 
4.1 
2 . 6  
2.7 
3.0 
2.6 
2.1 
1.4 
2.0 
2.1 
22.4 
23.6 
Luther 1.2 
1.2 
2.3 
2.3 
1.8 
1 . 6  
2.1 
2 . 6  
2.3 
2 . 0  
1.6 
1.7 
2.3 
1.7 
13.6 
14.7 
Fayette 2 . 6  
3.7 
2.1 
2 . 2  
2.5 
2.4 
2.5 
2.1 
2 . 2  
1.9 
1.7 
1.6 
1.8 
2.3 
15.4 
1 6 . 2  
Tama 5.3 
6.0 
7.2 
6.9 
6.1 
5.6 
6.4 
6.6 
5.7 
6.2 
5.0 
4.3 
4.9 
4.2 
40.6 
39.8 
Lester 1 
2 
2.0 
1.4 
3.1 
2 . 6  
2.5 
2.5 
3.8 
3.1 
3.6 
3.5 
3.0 
2.8 
2.7 
2.4 
20.7 
18.3 
Clarion 2 . 2  
1.9 
2.1 
2 . 2  
2.8 
2.9 
3.1 
3.6 
3.4 
4.1 
3.3 
3.8 
3.2 
3.9 
20.1 
22.4 
Muscatine 2.1 
2.3 
2.9 
2.9 
2.5 
2.5 
2.7 
2 . 8  
2.5 
2.1 
2.5 
2 . 2  
2.1 
2.1 
17.4 
16.9 
Nicollet 2.7 
2.4 
4.0 
4.8 
3.1 
2.3 
4.9 
3.3 
3.2 
4.9 
3.9 
3.8 
3.2 
3.4 
25.0 
24.9 
Harps 
Okoboj i 
2.4 
2 . 2  
2 . 2  
2.4 
1.5 
1.5 
3.2 
3.6 
1.5 
1.4 
2.7 
3.5 
1.9 
1.5 
2 . 8  
3.2 
1.9 
1 . 6  
2 . 6  
3.0 
1.4 
1.4 
2.7 
2.9 
1.2 
1.2 
2.4 
2.5 
11.8 
10 .8  
18.6 
21.1 
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Table 33. (Continued) 
S mineralized at successive Incubation periods (wks) 
Soil Rep 0-2 2-4 4-6 6-8 8-10 10-12 12-14 Total 
-mg S kg ^ soil-
Canlsteo 1 1.2 1.7 1.7 1.5 1.7 1.7 1.6 11.1 
2 1.3 1.7 1.5 1.5 1.6 2.0 1.6 11.2 
Chilean soils 
Alhue 1 2.8 2.3 1.8 1.9 1.7 1.0 1.5 13.0 
2 2.9 2.3 1.8 0.9 1.5 1.9 1.6 12.9 
Constltuclon 1 7.6 4.0 2.5 1.6 1.4 1.0 1.0 19.1 
2 6.5 4.0 1.8 2.1 1.4 1.0 1.3 18.1 
Malpo 1 7.3 3.1 2.7 2.4 2.5 1.8 2.1 21.9 
2 7.3 3.4 2.9 2.5 2.4 1.8 2.1 22.5 
Agua del Gato 1 20.4 8.8 6.3 3.8 2.8 1.9 2.1 46.1 
2 20.4 10.4 5.5 4.7 3.2 1.7 2.2 48.1 
Colllpulll 1 2.1 3.1 2.9 3.9 3.9 3.2 3.7 22.8 
2 2.2 3.1 2.7 4.1 3.8 2.8 3.7 23.3 
Santa Barbara 1 2.1 1.7 3.8 3.4 1.6 5.3 3.7 21.6 
2 1.4 2.8 3.6 3.6 2.5 2.8 4.6 21.3 
Osorno 1 1.3 2.7 1.8 2.0 2.3 2.0 2.4 14.5 
2 1.3 2.3 2.1 2.5 2.4 2.1 2.4 15.1 
Table 34. Organic S reduced to H2S by Sn and H3PO4 within successive distillation periods (h) in 
Iowa and Chilean soils 
S produced at successive distillation periods (h) specified 
Soil 0.5^ 1 1.5 2 3 4 5 6 7 8 9 10 Total 
•mg S kg ^ soil 
Iowa soils 
Ida 79.0 9.2 3.2 4.9 4.9 4.3 4.9 3.8 2.2 3.6 2.9 2.2 125.1 
Hayden 56.0 5.2 4.9 2.2 3.9 3.0 2.2 3.9 1.8 2.6 3.1 2.2 91.0 
Downs 41.3 16.1 15.7 8.3 17.0 5.7 3.9 3.9 2.6 3.9 1.3 1.9 121.5 
Luther 27.0 3.0 3.1 4.4 8.0 3.3 3.0 3.0 1.8 3.9 1.3 2.6 64.4 
Fayette 70.3 6.7 4.0 11.4 10.9 9.3 4.9 3.8 2.2 3.8 1.8 1.3 130.4 
Tama 27.3 20.6 9.8 12.0 8.7 5.4 4.9 5.4 4.9 1.0 2.3 3.3 105.6 
Lester 46.6 12.5 14.7 9.2 9.2 10.9 7.1 8.7 1.6 13.1 18.0 13.1 164.7 
Clarion 74.7 16.8 13.1 7.6 7.6 5.4 6.0 6.0 2.2 2.7 2.2 3.2 147.5 
Muscatine 69.4 26.7 4.3 37.1 24.0 15.8 11.4 9.2 4.9 4.3 4.9 7.1 219.1 
Nicollet 120.3 65.2 17.4 13.1 15.7 7.9 4.6 6.5 2.7 3.8 3.8 2.7 263.7 
Okoboj i 81.3 56.4 32.0 33.1 20.6 11.9 6.0 9.2 3.9 4.2 2.7 3.0 264.3 
Canisteo 94.2 64.3 39.2 20.1 13.1 8.7 7.6 8.7 7.1 6.0 4.9 3.2 277.1 
Chilean soils 
Alhue 203.6 53.3 30.5 16.9 12.0 5.4 6.0 9.2 4.3 3.8 3.2 2.2 350.4 
Constitucion 9.8 9.2 4.4 2.2 1.8 3.0 3.9 2.6 2.2 1.8 2.6 0.4 43.9 
Maipo 154.6 430.4 205.4 115.7 143.9 110.0 53.2 61.9 22.8 11.9 4.4 4.0 1318.2 
Agua del Gato 56.3 29.2 28.2 17.3 6.5 8.5 16.4 30.3 7.6 6.5 5.5 5.5 217.8 
Collipulli 60.0 63.5 33.6 7.0 5.5 11.9 13.0 10.3 6.0 3.8 4.3 2.7 221.6 
Santa Barbara 32.6 38.1 19.5 15.3 16.4 22.8 22.8 33.7 10.9 3.3 5.5 7.6 228.5 
Osorno 30.9 36.8 18.4 22.7 38.1 29.0 30.0 36.8 17.3 27.1 11.9 13.0 312.0 
^The initial inorganic S value was subtracted from the total S reduced in 30 min. 
Table 35. Organic S reduced to H2S by Sn and H^PO^ within successive distillation periods (h) in 
Iowa soils profiles 
Soil 
profile Depth 0.5 
S produced at successive distillation periods (h) specified 
1 2 3 5 7 9 10 Total 
cm S kg 
Edina 0-25 49.6 17.1 12.4 4.1 3.5 1.8 1.2 0 89.7 
25-40 39.5 15.0 4.0 0.6 2.9 0 1.2 1.2 64.4 
40-60 37.4 24.2 12.1 3.4 4.6 0 0 0 81.7 
60-70 17.0 7.1 9.4 2.4 3.0 0 0 0 38.9 
70-95 38.7 8.2 2.9 0.6 1.8 0 0 0 52.2 
Clarion 0-30 0 0.1 15.4 11.5 13.0 9.1 4.7 0 53.8 
30-45 32.3 17.2 22.5 15.0 21.0 15.0 3.5 0 126.5 
45-60 6.0 10.0 6.5 10.5 12.9 5.9 4.1 0 55.9 
60-90 24.5 8.9 0.6 4.7 2.4 0 0 0 41.1 
90-105 22.2 17.3 9.5 8.2 3.1 0 0 0 60.3 
> 105 36.8 11.2 8.4 6.6 1.8 0 0 0 64.8 
Clarinda 0-20 22.6 16.5 4.4 4.0 10.5 6.1 3.9 0.8 68.8 
20-28 36.3 11.2 4.6 3.6 1.6 3.1 1.6 1.5 63.5 
28-32 6.6 15.2 13.6 6.6 5.5 4.5 0.7 2.4 55.1 
32-48 10.2 5.2 1.1 0.9 1.9 0.8 0.3 0.6 21.0 
48-64 5.2 9.8 3.5 3.8 5.1 4.1 4.6 2.7 38.8 
64-90 25.6 4.1 2.4 0.6 0 0 0 0 32.7 
Keswick 0-14 17.5 27.8 26.7 23.2 15.1 4.6 2.3 1.2 118.4 
14-20 13.7 12.8 11.6 2.3 16.3 7.6 4.6 2.3 71.2 
20-30 0.5 8.2 11.6 2.3 5.2 2.3 0.6 2.3 33.0 
30-45 31.4 11.6 9.2 2.9 4.6 0.6 0 0.6 60.9 
45-60 0 1.0 4.1 0.6 4.7 3.0 0 0 13.4 
60-70 113.4 7.0 2.9 9.3 11.0 16.6 13.0 0 173.2 
70-85 0 9.2 14.6 11.1 10.5 5.2 0.6 2.9 54.1 
85-105 1.0 2.7 2.0 2.7 2.0 0.4 2.3 0.4 13.5 
105-130 0 11.5 18.0 10.0 0 0 0 0 39.5 
0-10 0 0 4.5 9.3 17.4 13.2 5.8 0 50.2 
10-20 7.6 5.8 5.8 2.9 4.0 3.5 0 0 29.6 
20-30 21.5 21.7 11.1 3.0 26.4 8.8 3.0 2.4 97.9 
30-45 3.1 7.0 6.4 5.8 8.8 6.4 1.2 2.4 41.1 
45-60 3.4 1.2 3.0 1.8 4.1 2.4 1.2 0 17.1 
60-75 0 0.4 1.2 0.6 5.9 4.1 1.2 0 13.4 
75-90 0 17.8 7.0 5.2 8.0 6.4 0.6 0 45.1 
90-105 0 0 0 0 4.7 2.9 0 0 7.6 
The initial inorganic S value was subtracted from the total S reduced in 30 min. 
